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A.P. Free, J.C. Cox, and L.A. Schultz, Laboratory Studies of Oil Spill
Behaviour in Broken Ice Fields, DTCG39-80-C-80138, United States
Coast Guard, Washington, D.C., 58 p., 1981.

This work has also been reported in (in summary, for ice pack studies only):

A.P. Free, 1.C. Cox, and L.A. Schultz, “Laboratory Studies of Oil Spill Behaviour in Broken Ice Fields”, in
Proceedings of the Fifth Arctic Marine Oiispill Program Technical Seminar, Environment Canada, Ottawa, Ontario,
pp 3-14, 1982.

Summary

“The study consisted of three separate... analyses: oil flow through a single narrow gap; oil
spilled in a restrained field of broken ice; and oil spilled in an unrestrained field of broken ice.
The project included both analytical and laboratory studies of the oil/ice interaction phenomena.
The laboratory studies were conducted at low temperatures with fresh water ice in ARCTEC’s
glass-walled Ice Flume.”

Several environmental conditions were investigated: ice size, ice coverage, and current and wind
velocities. Three oils were used in the experiments: low, medium, and high viscosity.

“Quantitative relationships that were developed as a result of this study are intended to
characterize the short-term behaviour of oil spilled in broken ice.... The only limitation of the
results is that test conditions allowed only one-dimensional flow. The spreading phenomena for
two dimensional conditions could be significantly different. The application of these results is
therefore limited to leads, ship channels or other locations where one-dimensional flow can be
assumed to exist.”

[From the AMOP conference proceedings:]

“The oil spread rate in a one-dimensional broken ice channel can be subdivided into two
components: oil seepage through the broken ice pack and oil spreading due to movement of the
ice. Equations have been written which give the oil spread rate for both of these components.

Oil seepage through the gaps in a broken ice field generally occurs at a slow rate, especially for
the heavier oils, where the seepage wads not noticeable during the experimental program. The
major cause of this slow seepage rate is the hydrostatic pressure of the oil against the ice, keeping
the broken ice field tightly packed. Oil spreading behind a moving broken ice pack was the more
significant component of the oil spreading. Until the oil slick thickness decreased below a
threshold-value, the oil pushed the ice pack at a higher velocity than would have been induced by
currents or winds alone. This aliowed the oil slick to spread in the open water left behind the ice
pack. As the oil slick thickness decreased, the ice velocity also decreased until, at very small
thicknesses, the ice velocity was dictated by the current or wind velocity.”



Objective

This study examines the short-term behaviour of oil spilled in or near a field of broken ice. A
model of oil flow through ice gaps was evaluated in terms of the parameters of gap width, ice
coverage, water and wind current velocities, and oil type.

Theory.
Oil Seepage through Ice Gaps

The authors developed a theory to determine the minimum ice gap through which oil would flow,
and for gap widths greater than the minimum, to determine the oil flow rate through the gap as a
function of the oil properties and physical conditions.

Minimum Gap Width for Oil Seepage

Two competing forces determine oil motion through a gap. The driving force is the hydrostatic
gravitational force, F,. The authors use a function of the oil slick thickness, 6, and density
differential between water and oil, p,,.,-p,» as originally described by Hoult, 1969:

1 .
Fo- ' (PP DERAR - > (Pyur P €S (3.1)
[

Capillary tension caused by interfacial tensions on both sides of the gap resists the flow of oil
through an ice gap (Sowers and Sowers, 1970):
P 20,(cosm) &

¢ >
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(3-3)

where o, is the oil-ice interfacial tension, « is the oil-on-ice contact angle,  is the slick width, as
above, and w is the gap between ice floes. The minimum gap occurs when the driving and
resistive forces are just balanced, F, = F,. Equating Equations (3.1) and (3.3) gives:

40,cosa

= — 3.4
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Rate of Oil Seepage Through an Ice Gap

For gaps larger than the minimum necessary for oil seepage to start, the velocity of the oil flow is
governed by the gravitational force on the head of oil, the shear strength of the oil, the friction
along the sides of the gap, as well as any shear stresses due to wind or water current. The

gravitational spreading force, as given by the authors in Equation (3.1), is a function of the oil

*Expressions (3.1) and (3.4) are incorrect. This appears to have been due to a misreading
of Equations 9 through 11 of Hoult, 1969. See discussion in BOSS Critique section of this
review.
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density, p,;» and the thickness of the oil pool, 8. The resistive shear forces are a function of the
oil viscosity, p,; The frictional forces in the gap are proportional to the gap width, w. The
driving force of the wind or current is a function of the density of the driving medium, p,, and its
velocity, v, (Hoult, 1972). The authors express the velocity of the oil flow through the gap as a
function of these variables:

V5 Vs B W, 8, Moo Ps Pp) = 0. (3.5)
In non-dimensional form, Equation (3.5} is:

oo 8 P
3 »

v, W pp
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where Re, the Reynolds Number, has the form p,wv,/u , and Fr, the Froude Number, has the

form vigw.

The Reynolds Number expresses the ratio of the gravitational driving force to the viscous
resistive force in the oil. The Froude Number expresses the ratio of the gravitational driving force
to the resistive capillary force of passing through the gap. The ratio of the oil to the driving fluid
densities reflects the shear stresses exerted on a given oil by the driving fluid.

The authors state that, in general, the functional relationship of Equation (3.7) can be expressed
as:

Yar _ al(ﬁ]a’ ( Pos ] Re™ (Fr¥s:a,. (C.4)

w pWarer

Holding the oil-slick-thickness-to-gap ratio {8/w) constant gives the expression:

Water

Yo a,( Pai ] Re™ (Fr¥)“:a,. (C.5)

The authors state that single gap experiments determined that a;, a,, and a, were independent of
oil type and had values of 1.0, 1.0, and -1.0, respectively. Note that these experiments are not
presented in the study, nor are they given a reference. However, the values of a,, a,, and o, must
be assumed for the following equations, which are tested experimentally, to hold. Substituting

the exponents yields:
Voit Re Pou
RN 4 o | LY B 3.8
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where K, [=a, (6/w)*]is dependent on the slick-thickness-to-gap ratio and oil properties, and
K, (=a,) is dependent on the oil properties only. '



Oil Spreading in a Field of Broken Ice

The authors assume that o0il spilled in a broken ice pack will spread by two methods. Seepage
will occur through gaps in the broken ice pack, and oil will also spread behind the ice pack as the
pack moves due to current and wind.

Qil Seepage Through a Field of Broken Ice

Seepage of oil through broken ice is similar to the one-dimensional case developed in Equations
(3.5) to (3.8). In an ice field, however, the gap sizes are highly variable and must be described by
some kind of statistical average. Also, the oil path through the field is twisted and convoluted,
which increases the friction between oil and ice.

The gap spacing in an ice field depends on the coverage of the area by blocks of ice. A fractional
concentration, ¢, can be defined as:

d?
@by’

A:‘
= — =
A

(3.9)

where, A, is the area covered by ice, 4 is the total area, d is the average block area, and b is the
gap between each ice block. This gap width, b, is a function of the size of the ice blocks and the
concentration of the ice pack. The authors describe it as a characteristic field dimension and
remark that it is analogous for ice field spreading to the one-dimensional gap width, w, used for
the single gap-spreading model of Equations (3.1) to (3.4). Rearranging Equation (3.9) to solve
for b, gives:

. d[i_i), (3.10)

c

where d is a weighted average of the block areas.

It is convenient to write the flow rate of oil through a broken ice field per unit width, ¢, as a
function of the thickness of the oil slick, 8, and the characteristic dimension of the ice field, 5.
The authors represent this relationship as:

R Cop B CRE)

where g is the gravitational acceleration constant and X; and X, are constants.

Although the thickness of the oil slick is often comparable to the dimensions of the ice block, the
authors remark that the oil layer seeping through the ice field is much thinner than the ice. Ice
blocks can be considered as large-scale roughness elements in the oil flow channel. Also, the
authors claim that a boundary layer forms between the (deep) water current and the underside of
the ice packs. This boundary layer is stationary with respect to the ice field and “insulates” the
spreading oil from the shear force of the moving water. Thus, the authors state that Equation
(3.12) should apply to both calm and moving water.



L

5

Oil Spreading with a Moving Field of Broken Ice

As well as seepage of oil through an ice field, the authors examined the overall movement of the
ice pack with respect to oil, current, and wind forces. They state that the two main driving forces
for pack movement are the shear force of water currents or wind and the gravitational spreading
force exerted by the oil slick itself. The resistive forces to pack movement include the inertia of
the ice blocks and water drag on the ice.

Equation (3.1) implies that the gravitational force is proportional to the square of the slick
thickness, . The ice inertia depends on the amount of ice and can be supposed to be a function
of the length of the ice field, L. Assuming a constant ice block roughness, drag is a function of
ice thickness per unit width, £, For a given wind or water current velocity, the authors express the
ice field velocity, v, as:

62
v, = Ks(t—L—)ast, (3.13)

where K and K are experimentally determined constants.

Experimental
Qil Properties

As recommended by the ASTM F-20 committee, the authors used low viscosity, medium
viscosity, and high viscosity oils. Some physical properties of each are given in Table 4.1.

Table 4.1 Test Oil Properties

Interfacial Contact
Density Viscosity Pour Point Tension Angle
(g/em’) (poise) 8Y) (g/sec) )
Number 2° 0.857 0.07 -18 18.0 20
SAE 10W 0.880 3.54 -29 232 30
SAE 40W 0.901 ?;7.5 -13 26.9 40

? The authors refer to this as diesel fuel throughout the report.

Before each test was conducted, oil properties were measured daily to ensure the consistency of
the samples and to ensure that aging had not taken place. Qils were stored at -2 to 0°C. Oil
densities were measured by a gravity scale hydrometer, in accordance with ASTM specification
E100-66. Oil viscosities were measured on a Brookfield Model LVT Synchrolectric Viscometer
and were in accordance with ASTM specification D 2983-72. Surface tensions were measured by
a Fisher Model 20 Surface Tensiometer, a torsion-type balance, which met ASTM specifications
B-971 and D-1331.
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Apparatus Used for Tests (from Appendix A)

The ice field experiments were performed in a glass-walled ice flume (see Figure A.1). The
flume was 13.7 m long, 0.94 m wide, and 0.61 m deep. Maximum water depth in the flume was
46 cm, with a water flow rate of 140 L/s. The current in the flume was measured by an annubar
flow sensor in parallel with two “eagle eye” flow sensors. The annubar was considered to
measure currents to within 1% of the true value and had measurement variability of less than
0.1%. The “eagle eye” flow sensors were accurate to 1.5% of their full scales, +1.1 and +3.8 L/s.

To simulate wind conditions, a wind tunnel was built over the flume. Wind speeds of up to
550 cm/s were possible over 46 ¢cm of water in the flume. Wind speed was measured by a
rotating anemometer installed at the end of the tunnel, in the centre of the airstream.

Figure A.1  Insulated Glass-Walled Ice Flume

The carriage arrangement of the ice flume is shown in Figure A.2. A Milliken camera mounted
on the carriage took overhead movies of the advancing oil and ice. In addition, by aligning a
pointer bar attached to the carriage with the leading edge of the ice field or oil slick, the velocity
of the ice field or oil slick was measured. The velocity of the carriage was recorded by a DC
generator attached to one of the carriage wheels. The generator voltage output, proportional to
the carriage velocity, was plotted on a strip chart recorder.
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Oil Seepage-Single Ice Gap Experiments

Oil flow rates through a single gap were

b Tach measured through an opening of known size

Generator between two ice blocks. The instrument

s e consisted of an oil reservoir and two 46-cm long

Carriage | steel boxes on which the ice blocks could be

— J%E‘]x @ j grown. This was placed in the ice flume with dry

Camers < ice packed in the boxes. After ice had grown in

e y—— the gap between the boxes, a gap of the desired
X i width was cut with a saw. Water velocities were

— [‘(&—u_o] —— varied from 0 to 28 cm/s and wind tunnel

velocities from 0 to 10 scale m/s.

Fointer — ™ Rail

Oil was released from the upstream reservoir.
~—Flow The oil thickness was measured with a ruler
oit before release. Oil velocity through the gap was
measured by timing small tracers of oil on the
Figure A2 ARCTEC Ice Flume Carriage gyrface as they travelled a known distance. The
Arrangement oil reservoir thickness was measured several
times during each test. Flow rate was calculated from the change in thickness of the reservoir
with time.

All three oils were tested. Water current and wind velocities were used to drive the oil through
the gap. Gaps tested ranged from the minimum width that would allow flow, to almost open
water conditions, or very wide gaps.

Qil-Free Broken Ice Field Tests

These tests were conducted to provide a control or baseline data for the ice flume. In each test,
ice blocks were packed tightly in a random field with barriers both upstream and downstream.
The water current and winds were turned on and the barriers removed. The velocity of the front
of the ice field was measured by the carriage arrangement, downstream from the ice front.
Velocities of the middle and end of the field were determined by the movement of dyed marker
blocks. Movie films and still photographs were taken before, during, and after each test.

Cubic ice blocks, with sides measuring 3.25 in (82.5 mm) and 6.5 in (152.5 mm) were used to
simulate broken ice fields. Experiments were conducted with both a single size of block and a
mixture of the two sizes. Four water currents were used, from 0 to 27 cm/s. Wind velocities of 0
to 10 scale m/s were tested.

Oil Seepage Through a Restrained Field of Broken Ice

In these tests, oil was introduced to an ice field that was restrained by a wide weave mesh. Ice
concentrations were 23 to 80%. Initially, an oil reservoir approximately as thick as the ice was
built up behind a baffle, upstream from the ice. The water and wind currents were turned on and
the baffle removed between ice and oil. Reservoir thickness was measured as a function of time.
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The time of the first appearance of oil (if any) on the downstream side of the ice field was also
noted. If the oil did not penetrate the ice field, the times to reach equilibrium and final slick
height were recorded. Movie films and still photographs were taken before, during, and after
each test. Ice block size, water currents, and wind speed were varied as in the tests of oil-free
broken ice.

Oil Spreading in an Unrestrained Field of Broken Ice

The final series of tests were set up initially much like the restrained ice field trials but with
baffles at both ends of the ice. At the beginning of the experiment, wind and water currents were
turned on and the baffles removed. The pointer bar on the carriage was used to track the velocity
of the ice front. The location of the oil front and the back of the ice field were recorded at
intervals and movies and still photographs were taken before, during, and after the tests. The size
of the ice blocks and air and water speeds were varied as in the other two ice field trials.

Ice Field Concentration
The authors determined the ice field concentration, ¢, using Equation (5.1):

c- 2L, (5.1)

where 7 is the number of ice blocks, d is the dimension of the ice cube blocks, ¥ is the block
width, and L is the length of the ice field [compare with Equation (3.9)]. The authors note that,
due to packing considerations, the practical maximum concentrations were 0.80 to 0.85 for the
small blocks (3.25 in, 82.5 mm) and 0.85 to 0.90 for the larger blocks (6.5 in, 152.5 mm).

Scaling Considerations

When testing with two different types of fluids, and particularly when trying to use prototype
fluids, scaling can pose insurmountable problems. The authors therefore decided to perform the
entire test program at full scale. The authors remark that previously, Cox et al., 1980 found that
the water currents were at full scale and matched field conditions. The scaling of wind speeds in
the tunnel was unknown, however. To determine the wind-scaling factor, the authors examined
the shear forces exerted by the wind on the ice blocks. In general, the shear force, T,, exerted by a
moving fluid on a surface is: ’

T, - apfvfz, ‘ “4.1)

where a is a roughness coefficient, p,is the fluid density, and v,is the velocities.

The authors state that a is equal to f/8 where fis the friction factor. The authors estimated f'to be
0.046 for model wind speeds of 20 ft/s over ice blocks in the ARCTEC ice flume. The authors
write the shear force of the wind on the model as:

f MODEL 2
T MoDEL = 3 P VMoDEL -

(4.3)
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In measurements on real ice packs, the roughness coefficient [C,,, equivalent to a in Equation
(4.1)] is reported to range from 0.0010 to 0.0023 for wind speeds measured at a height of
10 m (Arya, 1979). The authors give the wind shear in real conditions as:

Tymrp © Clopmv;IHD. 4.4

Equating the shear forces, T, yopg. and T, e s gives the model-to-field-scale factor:

1
o (fmﬂ] ”, (4.6)
VMODE— 8C10

Assuming a value of the field roughness factor, C,,, of 0.002, the authors give the ratio of model
to real wind speeds as 1:1.7, i.e., a scale wind speed of 100 cm/s is comparable to a real wind
speed of 170 cm/s (just over 3 knots).
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Results
Single Gap Results: Minimum Gap Width for Oil Seepage

The authors evaluated the limiting flow of oil through a gap (w) for a series of oil reservoir
thicknesses (&) for each of the three oils given in Table 4.1. Their results are shown in Figure 6.1.
The authors note that there is not very good agreement between the test results and the curves
plotted using Equation (3.4). See the discussion of this in the BOSS Critique section of this
review.

The predictions of Equation (3.4) using the data given in Table 4.1 are shown on Figure 6.1 as
solid curves for each of the three oils. The curve calculated for the SAE 10W oil in preparation
for this review is very similar to that given by the authors. However, the present calculations are
120 and 80% of the authors’ original results (to within 1%) for the diesel fuel and SAE 40W oil,
respectively. The reason for this discrepancy is unclear.

10
o
g
L g
(7]
) @ Diesel Fuel
g 4_ 2 SAE 10W
[+
g SAE 40W
[
fi
.8 4 —
>
(3
5
g 2
5 Diesel Fuel

1esel Fue
0 I | | I
0.0 0.2 0.4 0.6 0.8

Ice Gap Width (cm)
Figure 6.1  Threshold of Motion - Reservoir Thickness vs Single Gap Width

Single Gap Results: Rate of Oil Seepage Through an Ice Gap

Equation (3.8) gives a general result for oil flow though a gap above the minimum gap width.
Several experiments were carried out for various slick thicknesses, gap widths, and driving
velocities. The oil velocity data is plotted for a series of slick-thickness-to-gap-width ratios for all
three oils in Figures 6.6 to 6.8. The authors remark that there appears to be a linear relationship
between the relative oil velocity [v, #,] and the representative terms for each of the forces acting
on the oil, as described by Equation (3.8). Note that the regression slopes shown in Figure 6.6 in
the present review, for the SAE 10W oil, differ by as much as 30% from the values given by the
authors. The authors’ regressions do not seem to correspond to any reasonable statistical fit of the
data on Figure 6.6, and were probably estimated visually. However, the slopes given by the
authors in Figures 6.7 and 6.8 are within 5% of the linear regression results.
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The authors note that the regular progression of slopes in Figures 6.6 to 6.8 for increasing slick-
thickness-to-gap-width ratio suggests a relatively simple relationship between the two quantities.
The authors’ regression slopes are plotted against the ratio of oil thickness to gap width in
Figures 6.9, 6.10, and 6.11. The parameters used to plot the exponential fits on Figures 6.9 to
6.11 were taken from Equations (6.1) to (6.3). Note that, on the original figures, curves are drawn
through the data that do not have the form of an exponential function (in fact, the functions
appear to be logarithmic). The authors used these relationships to determine the functionality of
the relative velocities, from Equation (C.4):

0.81
Diesel Fuel: Yo, 3.4><10“5( E) Re |l P +0.015, (6.1)
vD w F?’z pD
0.78
SAE 10W: A s.9><104(£] (ﬁ Po ] 49x10%, (6.2)
VD w Fr2 pD
SAE 40W: A 3.4x10-3(i] Ms(ﬁ] P | ,2.8x10°. 6.3)
vD w Frz pp

When dimensionalized by substitution for the physical constants and known oil properties, the
authors give these equations as:

Diesel Fuel: v, = 0.418°%w'?.0.015v,, (6.4)
SAE 10W: v, = 0228w !2.49x10%,, (6.5)
SAE 40W: v, = 0.08158%%w1%.2.8x10%,, (6.6)

where v,; and v,, are measured in cm/s and & and w are measured in centimetres.
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Figure 6.8 SAE 40W: Single Ice Gap Figare 6.11 SAE 40W: Slope of Relative

Relative Velocity vs Driving Force Oil Velocity Equations vs Slick Thickness

Oil Spreading in a Field of Broken Ice
The authors classify oil entrapment in ice fields into three categories: total containment, non-
containment, and virtual containment. Total containment is the state in which all of the spilled oil
remains trapped in the ice field, unable to flow through the ice gaps adjacent to the slick. The
thickness of the oil slick contained behind the ice is much greater than the equilibrium thickness
that the oil would have spread to on open water. Non-containment occurs when the ice gives
little or no resistance to the flow of oil. The oil spreads at a rate nearly equal to the open water

. spreading rate. The thickness of the oil slick quickly approaches the open water equilibrium
thickness. Virtual containment is the intermediate state, which occurs when the major portion of
the oil spill volume is contained in the gaps in the ice field and only a small amount of il seeps
through the ice field into the open water. As with total containment, the oil reservoir constrained
by the ice is considerably thicker with virtual containment than it would be in ice-free conditions.

The authors state that the gravitational spreading force is the main factor, and determines which
of these three states will result when oil is spilled in an ice field. They claim that the gravitational
force is a function of only the height of the oil surface above the water surface and the oil density
(see the discussion in the BOSS Critique of this review). They note that this force is exerted on
any ice block encountered by the spreading oil slick. It then pushes the block in the direction in
which the oil is spreading, and this tends to compact an ice field to its maximum concentration.
Even with initial ice concentrations as low as 23%, in tests in a restrained ice field, the authors
found that oil was completely or virtually contained in almost all cases. In tests on an
unrestrained ice field, the presence of large amounts of oil significantly reduced the spreading of
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the ice pack. In addition, the velocity of the unrestrained ice pack was usually greater than that of
the water.

The unrestrained ice packs resisted this oil gravitational force as a result of shear at the ice-water
interface, shear along the sides of the flume, and inter-block friction in the ice pack. The authors
state that typically the oil had to be 1 to 2 cm deep to overcome this resistance (the thickness is a
function of oil density, weight of the ice, and the draft of the blocks). Pools of oil that were less
than 1 to 2 ¢m thick reduced the velocity of the ice pack relative to the velocity of the oil-free ice
field. '

The authors found that ice could become insulated from the water current by the ice blocks,
trapped downstream from “a large roughness element,” i.e., a partially submerged ice block. In
an ice field, with a large number of “roughness elements,” it was found that the seepage from a
layer of oil trapped in the ice did not depend on the water velocity. However, the thickness of the
layer that was isolated from the water current was found to be a function of water velocity.

The mechanics for wind effects were found to be very similar to those for water currents. The
authors found, however, that the shear stresses of the wind on the oil and the ice floes were very
much less than the shear stresses of the water. Because of this, only a restricted set of wind tests
were carried out.

Oil Seepage Through a Restrained Field of Broken Ice

As previously described, when oil was released upstream from a restrained ice field, regardless of
the initial ice concentration, the oil pushed the ice blocks against the barrier forming “a compact
high concentration ice field.” At this high ice concentration, the gaps between the ice were small
enough that the SAE 40W and SAE 10W oils were totally contained in the reservoir behind the
ice. Only the diesel fuel was able to flow through the gaps in the ice field. The authors proposed
that the oil flow through the restrained ice pack could be modeled by Equation (3.12):

gq_; . KJ(%)“, (3.12)

where the characteristic length, b, is given by Equation (3.10) and is related to the dimensions of
the ice blocks, 4, and the inverse square root of the ice pack concentration, ¢. The 3.25 in

(82.5 mm) blocks were found to have maximum concentrations of 0.8 to 0.85, which results in
characteristic lengths of 0.97 ¢m and 0.70 cm, respectively. The 6.5 in (152.5 mm) blocks had
characteristic lengths of 1.40 cm to 0.90 cm for ice concentrations of 0.85 to 0.90. The authors
remark that, as b is not a measure of the actual gaps that would exist in a randomly packed ice
field, the oil flow rate through the ice did not directly vary with b, and the larger blocks did not
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Figure 6.12  Oil Seepage Rate Through Broken Ice: Diesel Fuel

necessarily allow higher oil seepage rates than small blocks.

In Figure 6.12, the authors’ data for diesel fuel seepage in the restrained ice field tests is plotted
in the non-dimensional form of Equation (3.12). The authors report that the best fit line is:

2’ o100 Syn 6.7
;'_bﬂ; = (“5) * ( - )

However, as can be seen on the reproduction of Figure 6.12, the best fit line appears to be:

2
47 g75x10¢( By,
gb’ b

Note also that the authors’ “best fit” numbers from Equation (6.7) (the dashed line on Figure
6.12) do not agree with the “regression line” (the dash-dot-dot line) that was plotied on the
original figure. The authors note that the water current has no apparent effect on the results and
thus conclude that the ice blocks masked the water current from the oil slick. In fully
dimensionalized form, Equation (6.7) (in inches) is:

64.37
- S22
g = 263x10° . (6.8)

The authors report a value of 2.74x107 as the pre-exponential factor in Equation (6.8), but this
appears to be incorrect, given Equation (6.7). However, again,
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would appear to be what is suggested from the authors’ own data.

Figure 6.13 in this review shows ¢ as a function of § for various values of 5. The solid lines are
the original predictions, and the dashed lines show the regression performed in this review.
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Figure 6.13 Flow Rate Through Broken Ice vs Oil Slick Thickness—Diesel Fuel

Oil Interaction with a Moving Ice Field

The authors remark that when oil from a thick reservoir was released into an unrestrained broken
ice field, the oil pushed the ice pack downstream. The authors attribute this to the gravitational
spreading force of the oil on the ice field. At the same time, small amounts of oil seeped into the
broken ice field similar to the results observed in the restrained ice field experiments. The
authors conclude that the spreading rate of the oil is equal to the sum of the velocity of the ice
field in front of the oil, and the seepage rate of the oil through the ice field.

Data were gathered for several water velocities and the diesel fuel and SAE 10W oil. The tests
were conducted with the large and small ice blocks, both separately and together. These results
are shown in Figures 6.14 for the diesel fuel and Figure 6.15 for the SAE 10W oil. The authors
also note that, at small values of 8/4L (i.e., for thin oil slicks), Equation (3.13) no longer applies
because the gravitational spreading force becomes much less significant than the driving force
due to the water current. As the water shear forces become more important, the ice velocity
decreases to the oil-free ice velocity.

The authors report the relationships for diesel fuel, apparently taken from “best fits” of the data
in Figure 6.14, as:
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forv,=0

for v, = 10.6 cm/s

forv,=16.7 cm/s*

forv,=22.9 cm/s

[=751x + 3.93, r’=0.870],

[y=1742x + 8.34, *=0.944],

[y=2064x + 12.8, #=0.992],

[=3104x + 13.0, 7=0.973],

(6.9a)

(6.9b)

(6.9¢)

(6.9d)

where v, is in units of cm/s and 8, ¢, and L are in centimetres. Note that the regression values

e obtained in the present review are given in the square brackets on the right. The authors then plot

. the slopes and intercepts of Equations (6.9a) to (6.9d) as a function of water current, v, on Figure
6.16. The equations of the fit lines are given as:

25 15
@ ® v,=229cmis _
g' & v:= 16.7 cm/s [Note 3] 3200 %
20 — - A vy,=106cmfs
. o B 7 vy =Ocm/s 45“
GEEI.’ a 2400 — — 10 8
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o 0y v =
&7 g g
=~ . = 1600 — o
0 &% g S
-------- v g -5 g
V .
‘:7. y_, R | m
5 -] o 200
o
0 | | 0 l I | 0
0.000 0003 o 0.006 0.009 0 10 20
8 /tL Water Velocity (cm/s)
Figure 6.14 Ice Pack Velocity vs Relative Oil Figure 6.16 v, vs Equation Slope and

Thickness Driven By Current: Diesel Fuel

Intercept for Diesel fuel

* On Figure 6.14, this was originally reported as 16.9 cm/s.



18

24 — fo)
; " 16 —
AT
18 — A-'E] .'_____-" *é* @
Both ol ®. ® 2] 12 —
E 12 — o
g *71 . o g 8-
e Q.o g
6 — @"@ ® v=0cm/s &3] 4 — ©
® v=106cm/s
B v=17.6 cm/s [Note 4]
A v=229cm/s
0 | i | l 0 l | !
0.000 0.004 0.008 0.012 0.0l6 0 10 20
ML Water Velocity (cm/s)

Figure 6.15 Ice Pack Velocity vs Relative Oil Figure 6.17 v, vs Equation Intercept
Thickness Driven by Current: SAE 10W Oil  for SAE 10W Oil

Equation Slope = 106 v, + 433 [=106x + 4.33, =0.982] (6.10)
Equation Intercept = 0.376 v, + 5.44 [=5.52x + 0.39, ¥’=0.897] (6.11)

Combining Equations (6.9a) to (6.11), the authors give an expression for the velocity of a broken
ice pack, behind which a quantity of diesel fuel has been spilled:
62

v = (106 —
i tL

2
+0.376)v,+433 ?5?5.44 (6.12)

in cgs units. The authors state that this equation is valid only for 8*/¢L » 1.75x10°.
Similarly for the SAE 10W oil, from Figure 6.15:
y, - 414%4.04 forv, =0 [=405x + 5.04, #=0.955],  (6.13a)

y, - 337%43.2 forv,=10.6cm/s  [y=400x + 13.0, ”=0.847], (6.13b)

v, - 401-?%46.0 forv,=17.6 cm/s’  [y=453x+153,7=0.842], (6.13c)

* On Figure 6.15, this was originally reported as 16.7 cm/s.
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D=469x + 17.2, #=0.967], (6.13d)

where v; is in units of cm/s and 6, #, and L are in centimetres. The authors assumed that the slopes
in Equations (6.13a) to (6.13d) were independent of the water velocity. The intercepts were
plotted as a function of water velocity in Figure 6.17 giving:

Equation Intercept = 0.540 v, + 6.40

[=0.555x + 6.00, #=0.945]  (6.14)

The final equation for SAE 10W oil is given as:

2
v, = 0.504v,+392 f—L +6.04,

(6.15)

where all quantities are in cgs units, for oil slicks with thicknesses: 8%/¢L > 4x10,

The authors also conducted tests, at several
wind velocities, of unrestrained ice fields
contaminated with diesel fuel. These results
are shown in Figure 6.18. The authors
remark that the wind has much less
influence on oil drift than does water
current. Little effect was observed for the
wind tunnel velocities below 575 cm/s,
which corresponds to a 19 knot, full-scale
wind. The authors conclude that this implies
that the roughness coefficient between the
air and the ice is considerably less than that
between water and ice.

The relationships between ice velocity and
&*/tL for diesel fuel at a constant wind
velocity are:
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Figure 6.18 Ice Pack Velocity vs Relative Oil
Thickness Driven By Wind: Diesel Fuel

v, - 489 %2:*5‘35 for v,,;=0 [=476x +5.37,P=0.984],  (6.162)
v, - sssti}s.os forv,, = 185cm/s [y=430x +7.85,7°=0.902], (6.16b)
y, - 464%»,5.92 forv,,, =370 cm/s [y=471x +5.84, =0.926], (6.16c)
v -3863.824  forv,,,=575cm/s [=610x+4.94,7=0953], (6.16d)

1L
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using cgs units. The authors note that there seems to be little correlation between the wind
velocity and the slopes or intercepts of Equations (6.16a) to (6.16d). The wind did not appear to
exert a significant force on the ice field at speeds below approximately 500 cm/s (or 16.4 knots,
full-scale). The authors remark, however, that wind may play a significant role when

8%/tL < 0.004. The expression for ice velocity is given as:

2
v, - 533%6.32, (6.17)

in cgs units. Note that this equation corresponds to Equation (6.12) for the case v,= 0.
Comparing Equations (6.12) and (6.17), there must have been an error of at least 20 to 25% in
the slopes determined in this study. The authors note that they could not investigate higher wind
speed due to equipment limitations.

BOSS Critique

The authors present an empirical set of relationships for the movement of oil through pack ice.
While quite detailed, however, their work has two significant flaws. Firstly, the authors do not
appear to have used linear regressions to derive their parameters but instead seem to have used a
visual “best fit” of the plotted data. While this can give reasonable results, it can also result in
significant differences from the mechanical linear regression values. Where possible, the linear
regression results are shown in the results section in square brackets to the right of the anthors’
results.

The second problem is considerably more serious and, unfortunately, impossible to correct. Note
that the expression used for the hydrostatic gravitational spreading force on the right-hand side of
Equation (3.1) evaluates as force over length, not force. The correct expression for the force at
the foot of the oil slick has the form: F, = Apgd*y/d (Hoult, 1972), where 4 is the surface area
of a cylindrical slick of height 8. The outward “push” of the oil at the base of the slick depends
not only on the slick thickness but also on its size. A larger slick should have a greater
hydrostatic force at its boundary than a smaller one. Expression (3.1) indicates otherwise. The
correct formulation for Equation (3.4) adjusted for slick volume is:

40,coso

Woe i
(P P €8 VA

Similarly, the functional relationships developed from Equation (3.5), which include Equations
(3.8), (3.12), and (3.13), should all have an additional dependency on /4. If the reservoir area, 4,
(or equivalently, volume, assuming a constant reservoir size) was held constant during the flow
tests, then it is possible that the experimental data would be correct, uniformly scaled by some
function of /4. This was probably the case, as it would appear that roughly the same amount of
oil was used in each test. However, inconsistent initial volumes in the reservoir are probably the

major source of variability in the data plotted on Figure 6.1 and a major source of error in the rest
of the study. By comparing Equations (6.162) to (6.16¢), (6.17), and (6.12) (with v _=0), it can be
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seen that the error in the slope and the intercept of the §%/¢L terms is at least 20%. The authors do
not report the volumes of oil spilled, the reservoir sizes, or whether care was taken in each run to
ensure that these conditions were kept fixed. Therefore, it is impossible to fully evaluate their
results.

Consequently, the results of this study should not be used in any quantitative way to predict spill
behaviour. However, the authors do describe some significant features of the behaviour of oil
spills in linear breaks in pack ice. Qil slicks, when greater than their equilibrium thickness and
presumably only in the inertial spreading regime, will cause loose ice packs to condense and can
push ice packs at velocities greater than the water current. Also, water currents will affect ice
drift but not the seepage rate of oil from pack ice. It was also found that winds have very little
effect on either the ice velocity or the rate of oil seepage.
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P.A. Tebeau, T.M. Meehan, and S.A. Saepoff, A Laboratory Study of
Oil Spreading Under Arctic Conditions, Unpublished Report, United
States Coast Guard, Groton, Connecticut, 58 p, 1984

Summary

A series of laboratory experiments were conducted to investigate the spreading of oil in ice
packs. Both the flow of oil through a gap of known width and the oil spreading in an ice field
were investigated.

Final area and equilibrium thickness of spilled oil in open water are not significantly affected by
temperature unless the oil is close to its pour point. These terminal properties are controlled
primarily by interfacial tensions at the spill perimeter, which are largely insensitive to
temperature. At or below the pour point, the oil solidifies and the final thickness and area are
then determined by the internal rheological properties of the oil.

The open water tests conducted by the authors were inconclusive and did not agree with the Fay-
Hoult spreading model. They speculate that the size of the tank caused scaling effects, altering
the surface tensions at the edge of the spreading slicks. They further caution that laboratory
examinations of oil spills in which interfacial tension is an important factor may lead to
inaccurate predictions when applied to real-world spills.

The spreading rate and final spill size for No. 2 fuel oil were found to be insensitive to the
concentration of broken ice. Prudhoe Bay crude and No. 4 oils were either virtually or totally
contained by an ice field. In general, it was found that the ice confined oil to an area smaller than
the final area of a spill on open water.

The authors conclude that, for slush or brash ice, larboratory experiments are directly comparable
to field spills. For larger ice fields, however, the thickness values reported may not be accurate,
due to local damming of the oil, or release into an open water area in leads.

The authors were unable to satisfactorily model the flow of oil through gaps in an ice field. For
thick oil slicks and narrow gaps, the formula proposed by Free et al., 1981 [Equation (8)] was
found to be effective, while for thin slicks in wide gaps, the authors’ own formula [Equation
(23)] was more successful. Intermediate gap widths were not well described by either method.

The authors’ experiments on oil spreading rates in broken ice and seepage rates through broken
ice were inconclusive. In particular, the spreading of the No. 2 heating oil did not depend on ice
concentration, which was not predicted by the Fay-Hoult type spreading models evaluated in the
work. In addition, the authors found that the two heavier oils spread in the gravity-viscous regime
and could be analytically described with confidence. They caution, however, that it would be
extremely difficult to extrapolate from their model to accurately predict the spreading rate
through the interconnecting channels in a broken ice field.

Objective
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The objectives of the study were to investigate the variation in small-scale oil spreading
behaviour in open water as a function of the oil/water temperature and the physical properties of
the oil; to evaluate the expression for terminal spreading thickness of Langmuir, 1938,
{Equation(7)]; and to evaluate the Fay-Hoult spreading equations for oil in a broken ice field and
assess the applicability of these results to field situations. Specifically, the experiments focused
on the variation in spreading rate and equilibrium thickness as a function of oil volume, oil
physical properties, and the gap spacing of the ice field.

Theory

For the oil spreading experiments in open water, the authors used the Fay-Hoult spreading
equations as described by Hoult, 1972 as their basic model:

1/4
Gravity-Inertia: r o~ [ :‘"] (Aghy ¢, (3)
e
Gravity-Viscous: r - (——1; g AT—; t”’] , “)
T v
1/4
Surface Tension-Viscous: r~ 42 ( :’jt\:] , &)

where r is the 2D-symmetric spill radius, A is the relative difference in density between oil and
water [(p,, - P.)/P.), P, is the density of water, ¢ is the oil/water interfacial tension, g is the
acceleration due to gravity, v is the kinematic viscosity of water, I is the total volume of oil
spilled, and ¢ is the time from the start of spreading.

The final spill thickness is governed by the spreading coefficient, S,,, , which is defined by:
| S, =0,-(0,0,) (6)

If S,,, is positive, then an oil slick will form a molecular monolayer film. If §,, is negative, that -
is, the surface tension of the film retards the spreading of the oil slick, then the slick thickness at
equilibrium, 4., is given by: '

> G

h: - -
Agp,

¢

The authors wished to investigate Equation (7) in the context of the results of the open water
work of Fazal and Milgram, 1977, which showed (for four different crude oils) that oil slicks
fractionated as spreading proceeded. Also, other studies (Deslauriers ef al., 1977, Glaeser and
Vance, 1971, Schultz, 1976) reported that both monolayers and thick terminal slicks had been
observed in field trials.
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The authors also proposed to investigate the flow of oil through gaps between ice blocks or floes.
Free et al., 1981 reported a formula for the minimum gap width between ice flows to initiate oil
seepage through the gap as a function of the slick thickness. The authors rearrange this as the
minimum slick thickness, £,, required to initiate flow through a gap of width, w:

400," cose,,,

h =- »
(p,- P, )W

e

®

where o,,, is the oil/water interfacial tension, «,,, is the oil/water contact angle, and p,, and p, are
the water and oil densities, respectively.

Equation (8) assumes that oil flows through a narrow ice gap, treating the motion as capillary
flow. To simulate the conditions of larger ice gaps and thinner oil slicks, the authors propose a
different formulation for oil gap flow based on flow through a water-filled channel with ice on
the sides. The hydrostatic driving force is the same used by Free ef al., 1981:

F, - 12p,gwh?, a7
where £ is the thickness of the oil, while the interfacial tension forces that resist spreading are

made up of the oil/water surface tension across the gap and the oil/ice surface tension up the
sides of the ice walls:

F -o,w-+0,2h, (18)

5

where o, is the resultant oil/water interfacial tension and g,, is the resultant oil/ice interfacial
tension. The authors argue that, in most situations, the ice surfaces will be wetted, thus o,, can be
replaced by o,,. In addition, o,, is:

o, = o, (1-cos6) N (20)

The force balance between the hydrostatic and interfacial tensions gives:
12p,gwh® - 20, (1-cos®)h - g, (1-cosO)w = 0. : 21

Solving this quadratic equation in A gives:

20, (1-cosB) + \/40;(1 - cos0)*+2p gw?a,, (1-cosO)
P8 '

h- (23)

Note that there were several inconsistencies in the original manuscript for the derivation of
Equation (23). These have been corrected and are presented here in a simpler form than

* While the authors wrote this expression with (cos® - 1), many other authors (for example,
Bannerjee, 1980) use the reversed form, as shown above. Note that Equation (23) is numerically
tractable only for (1 - cos6).
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originally used by the authors. However, a comparison of the results generated by the corrected
Equation (23), above, and the graphical results given by the authors reveals that the errors in the
original manuscript were probably typographical.

An estimate of the average gap size in an ice

field was reported by Free ef al,, 1981 as:

b:d(i-l), © < L2m >
c — X

where b is the average gap width (w), d is the Camera
(average cubic root) linear dimension of the
ice blocks, and c is the ice concentration,
which the authors estimated as:

I 4 m
c. 2L (10)
WL Funnel
N
where 7 is the number of ice blocks in an ice
field of rectangular dimensions, # by L (note ¥ %
that this expression has been corrected from
the original manuscript). SiSls St A=y = p 0.3m
Water and Ice 1

The authors also report the expression Free et
al., 1981, derived for the rate of seepage, g, of
a diesel fuel slick (of thickness /4) through an

ice field as:
) h4.37
g - 274x10° . (10) bFloodlights d

Note, however, that the BOSS analysis of the I
same results (see BOSS Review of Free ef al.,
1981) indicated that: ’

g - 1.66x10°2>
b2.01

better represented the experimental data
reported in Free ef al., 1981. i

Methods

The experimental apparatus used in this study

is shown in Figure 3. The water and ice tan! Figure 3 Test Tank for R&D Center Oil

Spreading
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were 120 cm square and 29.5 cm deep. The tank was lit from underneath by floodlights, which
were diffused to provide even lighting. A concentric grid was marked on the plexiglass tank
cover. A 35-mm camera was mounted above the tank and used for time-lapse photos. Oil could
be introduced to the tank either as a continuous discharge through a separatory funnel or
instantaneously, by dropping a metal cylinder into the tank.

The oils used in the experiments were No. 4 and No. 2 fuel oils, and a Prudhoe Bay crude oil.
The relevant physical properties for each oil are given in Table 4. These three oils were chosen
for their wide range of physical properties and because they were similar to the oils used by Free
et al., 1981. Most of the oil properties were taken from the oil weathering study of Mackay et al.,
1982. However, the viscosities were measured on a Brookfield LVF viscometer. The authors’
results for the No. 4 fuel oil and Prudhoe Bay crude at several temperatures are shown in

Figure 4.

In the open-water spreading experiments, known volumes of oil (50 and 25 mL) were diséharged
into the tank using both continuous flow and instantaneous release methods. Multiple time-lapse
photographs were taken during spreading until the slick reached an equilibrium area.

Similar procedures were followed for some of the broken ice experiments. A constant volume of
oil, 250 mL, was discharged in a continuous stream into an ice field composed of 10-cm® ice
blocks in fresh water. Ice concentration was controlled by adding a known number of ice blocks
(40, 80, 120, 160, or 200). No repetitions were performed; a single run was carried out for each
oil/ice concentration configuration.

A second group of experiments was conducted
to examine the ice gap spreading Equations (8)
and (23). The oil was released into the ice field
instantaneously by dropping an open metal
container into the centre of the ice field. Only
the No. 4 and Prudhoe Bay crude oils were
used in these experiments. The discharge
volumes of oil were 125 mlL., 250 mL, and

500 mL. ice concentrations were controlled by
the number of ice blocks (120 and 163) as .
before. Again, only one run was performed

for each ocil/volume/ice concentration. Time-

lapse photography was used to monitor spread, 0
but an effort was also made to determine the

—&— No. 4 Fuel Qil
~—& - Prudhoe Bay Crude

Viscosity (cP)

I|I[IIIII|TI]IIIIIIII

0 5 10 15 20
average gap spacing, the spacing at which the
flow of oil stopped. Temperature °C
The authors note that, in order to scale their Figure 4 Plot of Oil Viscosity and Oil
results for use in field conditions, the Froude Temp. for Prudhoe Bay Crude
number (/gL ) must be comparable when and No. 4 Fuel Oil

considering the gravitational and inertial
forces, and the the Reynolds numbers ( UL/v) must also match: for models that include friction. In
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addition, interfacial forces require a constant Weber number (p U*L/o_, ) between model and
prototype. In Equations (8) and (23), U is the speed of the front of the oil slick, L is the ice gap
width, and v is the kinematic viscosity. The Froude number indicates that speed (U) must scale as
/I Similarly, the Reynolds number dictates that the viscosity must scale as L** and the Weber .
number shows that the interfacial tension must vary as L. The authors could not obtain any
model fluids that satisfied these scaling conditions for a typical water/oil system. Therefore, they
state that their results must be used only at a one-to-one scale. The authors' primary intent,
therefore, was to examine the qualitative behaviour of the ice/oil system.

Table 4 Oil Physical Properties
Qil Type No. 2 Heating Oil Prudhoe Crude No. 4 Fuel Qil
Density (g/mL)
0°C 0.849 0.909 0.938
20°C 0.840 0.901 0.925
Pour Point (°C) 27 2 3
Viscosity (cP)
0°C 7.74 1500
10°C 96 472
20°C 404 35 227
Interfacial Tension
oil-water 25.6 27.0 30.23
oil-air 26.2 301 32.10
Results

The authors remark that, during the tests on open water, the oil slicks displayed three distinct
spreading behaviours. The first consists of a thin final slick only a few molecules thick. In the
second case, oil spreads out in a well defined lens and terminates at a measurable thickness. The
third type of behaviour occurs when the oil temperature is close to its pour point and the oil
forms a semi-solid mass on the surface of the water.

‘The authors found that No. 2 oil always behaved as the first case, while the Prudhoe Bay crude

and the No. 4 fuel oil exhibited both the second and third types of behaviour. They observed that
the No. 2 oil quickly spread to the tank dimensions and thus final areas could not be determined.
The No. 4 and Prudhoe Bay oils both spread as thick lenses while at temperatures well above
their respective pour points (20°C and 10°C for the Prudhoe Bay crude only), but became
increasingly solid and resistant to flow in colder conditions. At 0°C, the No. 4 oil “congealed”
into thick lumps with a thinner slick spreading concentrically from the lumps. The central
congealed areas were solid, and cracking was visible in the later spreading stages.
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The authors conclude that solidification of the oil reduced the final area considerably, compared
to the final areas at warmer temperatures. This phenomenon of congealed oil at the centre of the
slick surrounded by a thin spreading layer was observed for both the Prudhoe Bay and No. 4 oils
under cold conditions. It was determined by gas chromatography that the solid and liquid areas
were chemically identical. The final areas and thicknesses are shown in Table 5. The authors note
that their results were “inconclusive” and “often inconsistent with existing theory”.

Table 5 Final Area and Equilibrium Thickness Data for Open-Water Spreading
Tests

Oil Type Volume {mL) Temperature (°C) Final Area {(cm%)?* Thickness (cm)®

Constant Release Rate Data

No. 2 Heating Oil 50 0 Entire tank
50 10 Entire tank
50 20 Entire tank

Prudhoe Crude 50 0 2827 0.0177
50 10 5867 0.0085
50 20 3988 0.0125

No. 4 Fuel Oil 50 0 2827 0.0177
50 10 4369 0.0114
50 20 2631 0.0190

—Instantaneous Refease ata

Prudhoe Crude 50 0 2178 0.0230
25 10 5557 0.0045
25 20 2631 0.0095

No. 4 Fuel Oil 50 0 3091 0.0166
25 10 3790 0.0061
25 20 4106 0.0061

*Appears to be calculated as: m(Measured Radius)®
bAppears to be caleulated from: (Initial Volume)/(Calculated Area). The method for determining final thickness is not
discussed in the manuscript.

It was found that the spreading coefficients, S, , for the three oils were positive. Equation (6)
predicts that all three oils used by the authors would spread to monolayer thicknesses, as was
observed for the No. 2 heating oil. However, as described earlier, this was not the case for the
Prudhoe Bay crude and No. 4 fuel oils. The authors speculate that this inconsistency may be due
to oversimplifications in Equation (6), poor interfacial tension values (taken from Mackay et al.,
1982), or edge effects in the spreading tank. The No. 4 and Prudhoe Bay oils spread as a thin
slick surrounding a thick centre which probably thinned out at the edges to an invisible
monolayer. This invisible leading edge of the slick could “feel” the sides of the tank and act to
restrict further spreading. The authors conclude that oil spreading data from experiments in
enclosed tanks, particularly where interfacial tension is a controlling parameter, may nof
accurately reflect the spreading behaviour that would be encountered in the open ocean. The
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authors also note that Equation (7) predicts a slight increase in equilibrium slick thickness, based
on the temperature dependencies of ¢ and p, which was not observed in the experimental data.

The final spill areas and slick thicknesses for the continuous discharge tests into a broken ice
field are shown in Table 7. The results of the instantaneous discharge tests are shown in Table 8.

Table 7 Ice Concentration, Final Area, and Equilibrium Thickness Data for Broken
Ice Tests (Constant Volume, Constant Flow Release)
0Qil Type* Number of Ice Ice Concentration Final Area (cm?) Thickness (cm)
Blocks
No. 2 Heating Oil 120 0.69 1388 0.1801
160 0.80 1296 0.1929
200 0.81 1335 0.1873
Prudhoe Crude 40 0.27 3191 0.0784
80 0.48 848 0.2948
120 0.71 740 0.3378
160 0.85 240 1.0417
200 0.83 214 1.1682
No. 4 Fuel Qil 40 0.44 3118 0.0802
30 0.57 636 0.3931
120 0.73 251 0.9960
160 0.76 24 2.9762
200 0.86 101 2.4752
"Discharge volume 250 mL
Table 8 Ice Concentration, Final Area, and Equilibrium Thickness Data for Broken
Ice Tests (Variable Volume, Instantaneous Release)
Oil Type Yolume (mL) Number of Ice Ice Final Area Thickness {¢cm)
Blocks Concentration (em?)
Prudhoe Crude 125 120 0.84 811 0.1541
125 165 0.50 306 0.4085
250 120 0.80 905 0.2762
250 - : 165 0.48 311 ' 0.8039
500 120 0.74 1530 0.3268
500 165 0.56 377 1.3263
No. 4 Fuel Oil 125 120 0.65 660 0.1894
125 165 0.77 136 0.2867
250 120 0.59 640 0.3906
250 165 0.65 357 0.7003
500 120 0.74 1476 0.3388

500 165 073 334 1.4970
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The authors conclude that the No. 2 heating oil

exhibited the non-contained spreading behaviour 3

as defined by Free ef al., 1981, while the heavy 3.0 | —9— Prudhoe Bay Crude

oils, the Prudhoe Bay crude and No. 4 fuel 0il, J —& - No.4Fuel Oil LF\S
were totally or virtually contained by the ice g 25 —% No.2FulOil |

field. The Prudhoe Bay crude oil was virtually \5 20 3 ,
contained at 0.71 ice concentration and totally g o

contained at higher concentrations, while the No. © 1.5 3 !

4 fuel oil was totally contained at a concentration tf—:‘ ; é]

of 0.74. E 107

The authors remark that for heavier oils and 0.5 5

higher ice concentrations, ice concentration 3

becomes more important in controlling spill 0.0 '
behaviour, while the properties of the oil become 00 02 04 06 08 10
less impp@t. T%'le results of the experiments are Tee Concentration
summarized in Figure 12 which shows

equilibrium thickness as a function of ice Figure12  Plot of Equilibrium Oil
concentration for all three oils. The authors Thickness vs Ice

remark that, while the No. 2 oil is insensitive to Concentration for No. 2
ice concentration, Figure 12 suggests that the Heating Oil, Prudhoe Bay
equilibrium thickness of the No. 4 fuel oil and Crude and No. 4 Fuel Oil

the Prudhoe Bay crude is highly dependent on ice conccntratlon especially for coverages greater
than 50%. They further speculate that the specific ice concentration ranges probably depend on
the physical properties of the oil. At very high ice concentrations, the equilibrium thickness is
reduced because of oil seepage over the tops of the ice blocks, which increases the final spill
area.

The authors conclude from the area versus time graphs of spreading that the final spill area is a
function of volume only above a certain “threshold volume.” This observation supports the
model of a minimum slick thickness required to initiate spreading through an ice gap predicted
by Equations (8) and (23). In addition, the authors found that in the runs with higher ice
concentrations (the 165-block tests), more oil was trapped in the ice in a thicker layer than was
observed for the 120-block trials. They conclude that, with ice concentration above a certain
value, the ice field has a greater oil storage potential.

The authors note that the ice concentration numbers in Tables 7 and 8 were experimental and
were obtained by estimating the actual oil spill area in the contaminated sectors of the grid. They
assumed that the oil spill area in the contaminated sectors consisted only of the open areas
between the ice blocks. This would not account for oil trapped underneath or covering the ice
blocks. Their results are summarized in Table 10.The values were calculated using Equation (10)
from Free et al., 1981. The differences between the calculated and measured values were
attributed to the submergence of ice blocks and rafting effects.
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Table 10 Summary of Average Measured and Calculated Ice Concentration Values
Number of Test Runs Number of Ice Blocks Average Measured Calculated
Concentration Concentration
2 40 0.36 0.28
2 . 80 0.53 0.56
9 120 0.73 0.83
3 160 0.80 1.00
3 200 0.83 1.00

The average gap width, w, used in Equations (8) and (23), was determined by measuring the gap
widths from the photographs for some of the 120-block runs. Of the six photographs measured,
an average of 30 gaps per run had an average width of 1.6 cm with a standard deviation of 2 cm.

The average gap width was also calculated to be 1.0 cm using Equation (9) of Free et al., 1981.
The authors comment that the broken ice experiments conducted in the laboratory are probably
the least severe test of the model equations. They expect that greater inaccuracies would be
encountered when estimating the typical gap width in a real ice field.

The oil thickness required for spreading to begin in a broken ice field was also evaluated for both

the flow discharge and the instantaneous
release tests. The results of the instantaneous
discharge experiments are shown in Figure 18
together with the maximum equilibrium oil
thicknesses predicted by Equation (8). Note
that the “gap widths” used by the authors in
Figure 18 and in calculating the oil thicknesses
were determined photographically, not using
Equation (10). The authors found that, for both
series of experiments, Equation (8) was not a
very good predictor of oil thickness and
consistently overestimated the maximum oil
thickness, as can be seen in

Figure 18.

The authors remark that Equation (8) models
the oil seepage as Poiseuille flow through two
parallel walls of ice which is appropriate for
narrow gap widths and high oil thicknesses
where the area of contact between ice and oil
is large. The authors contend, however, that
for larger gap widths and thinner oil slicks, the
situation is more like oil flow in a water-filled
channel with ice on either side. In fact, Free et

\ ©® No. 4 Fuel
B  Prudhoe Crude
No. 4 Calculation
\ — - Prudhoe Calculation

L 8-_
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N
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% ]
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Figure 18

Gap Width (cm)

Experimental and Theoretical
Oil Spill Thickness vs Gap
Width for Capillary Flow,
Equation (8)



al., 1981, considered the seepage of oil
through narrow ice cracks to be resisted by
capillary-like surface tension forces, while the
authors” model, Equation (23), represents a
laminar Poiseuille flow through an open
channel with a Gaussian distribution of flow
velocities across the channel mouth. The
authors’ results for the instantaneous release
tests are shown in Figure 21. The authors
observe that there appears to be good
agreement between the results of the channel
flow model of Equation (23) and their
experimental results, particularly for the Iarger
gap widths, i.e., when channel flow dominates
the spreading process. The contact angle used,
180°, implies complete wetting of the ice by
the oil.

The authors also attempted to evaluate the
seepage rate model of Free ef al., 1981 for the
No. 2 heating oil as a function of ice field
concentration. The seepage model, consisting
of Equations (9) and (13), predicts that as the
ice concentration increases, the average gap
width should decrease and the seepage rate per
unit width of the ice field, g, should increase,
as shown in Table R1. However, the authors
remark that all three ice concentrations, shown
in Table 7, had spreading kinetics that were
very similar to those plotted in Figure 8, with
the 120-block experiment exhibiting the
fastest spreading. Similar results were found
for the Prudhoe Bay crude and No. 4 oils, with
comparable spreading rates observed for the
160- and 200-block trials and much shorter
spreading times observed for the 120-block
experiments. However, Table R.1 shows that
Equation (13) predicts an increase in seepage
per width of ice field, ¢, with increasing ice
concentration. The authors remark that this

experiment suggests the exponent b in Equation

{(13) should be negative. They remark that Free
et al., 1981 developed Equation (13) by
varying the block sizes, d, in Equations (9) and
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(10), to change the gap widths between the ice blocks. Larger blocks pack less well and therefore
have larger gaps, b, but Free ef al., 1981 found that the seepage rate per width of ice field, g, was
smaller, which is reflected in their Equation (13). This is a reasonable conclusion when one
realizes that larger ice blocks will have fewer gaps than smaller blocks and thus there will be less
seepage through the ice field. The authors therefore conclude that Equation (13) does not apply to
all broken ice conditions, only those with differing block sizes.

Table R1 Calculated Gap Width and Oil Seepage for No. 2 Heating Oil

Ice Concentration b [Equation (9)] g [Equation (13)]
cm mL/s
0.80 1.18 cm 0.018
0.90 0.54 cm 0.171
0.99 : 0.05 em 158.3

Application of Results to Real Spill Situations

The authors state that, based on their open water spreading tests, the final spill area would not be
expected to vary with temperature except when the oil is close to its pour point and begins to
solidify. They base this conclusion on the assumption that the slick area is determined by the oil-
water interfacial tension, which is “relatively insensitive” to temperature. They also note,
however, that their results indicate that oil slicks are strongly affected by edge effects and may
terminate spreading early if close to shore or ice.

The authors note that the laboratory conditions are not dynamically similar to real-world ice
conditions. Thus the results of their experiments are likely to be quantitatively valid only for ice
conditions similar to the experimental ones. Stationary brash ice, where the ice pieces are small
and the ice concentration is fairly uniform, is expected by the authors to behave as the
experiments shown in Figure 21. Therefore, they expect that equilibrium oil thicknesses could be
predicted using Equations (8) and (23) and seepage rates using Equation (13).

Normal ice pack conditions include a wide range of ice sizes and concentrations, however, and
can change rapidly. Gap widths can also range up to several metres and the small-scale
phenomena examined by the authors are not likely to strongly influence oil spreading. The
authors remark that the oil dynamics will likely be governed primarily by the gravity-viscous
spreading phase until the equilibrium thickness is reached or a blockage is encountered.

They thus conclude that it will be "very difficult" to extrapolate from their experiments to real-
world spill behaviour.

BOSS Critique

The authors develop an equation for the seepage of oil through broken ice and test it in smaii-
scale conditions. As their own analysis shows, however, a lack of dynamic similarity limits their
results quantitatively to conditions similar to those in their laboratory: high, stable ice
concentrations and small, uniform ice sizes. As the authors note, this includes only brash ice,
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probably compressed in an ice field, under calm conditions. More typical ice fields that would
have a wide range of ice sizes and large gaps between the ice, may behave quite dlfferently than
even the qualitative behaviours described by the authors.

However, the authors do provide a good discussion of the effects of ice block size on the oil
containment and seepage rate, particularly for the conditions where it is appropriate to use the
channel flow equation or the capillary flow model of Free et al., 1981, for oil seepage. This had
previously been largely unexamined and adds an important factor to the seepage models. It
indicates that ice block concentration is not enough to predict seepage rates. The concentration of
the gaps in the ice is more important.

Except in a few cases, the authors did not explicitly evaluate errors in their work or perform
duplicate runs under the same conditions. It is therefore difficult to estimate the precision of their
work. However, given the variations observed in their spreading data, a relative error of 10 to
25% is probably a reasonable estimate of the uncertainty in the results presented by the authors.
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M.S. Uzuner, F.B. Weiskopf, J.C. Cox, and L.A. Schultz, Transport
of Oil Under Smooth Ice, EPA-600/3-79-041, Environmental
Protection Agency, Corvallis, Oregon, 62 p., 1978.

Summary

Laboratory studies on the movement of oil under ice cover were performed with an emphasis on
the effects of water currents on slick movement.

1. It was found (experimentally) that the slick velocity (U,) for an oil slick under an ice sheet is a
function of the water current (U,), as shown in the following table.

Oil Type Viscosity Threshold Slick Velocity as a Function of Applicable Current
(cP) Velocity ‘Water Current (cm/s)} Velocity Range
(cm/s) (cm/s)
Number 2 Fuel 7 4 U,=0.38U,-1.26 0to36
Crude 24 500 8 U,=8.6x10°U, 81028
U =1.10U,-16.60 28 to 36

2. For water currents significantly greater than the ranges in the above table, the slick will
disperse into a suspension in the water column. Further investigation was beyond the scope of the
authors’ work.

3. For oils other than the Number 2 fuel oil or the crude oil examined in this study, a first
approximation of the relationship between slick velocity and water velocity for slicks under an
ice surface is given as:

a-Uy - 0.146 4 450 for slicks oriented parallel to
N: the flow direction,
115
and, (1-U)* - 0.346 1 "y for slicks oriented transverse
| N? to the flow direction.

4. To apply the relationships given above, the properties of the spilled oil must be known or
estimated. The behaviour of crude oil spills will necessarily be uncertain.

5. Significant differences were observed between the Number 2 fuel and the crude oil. The crude
oil slicks typically became shorter and wider as they moved downstream, thickening in the
upstream edge at higher current velocities. These slicks appeared to “slide along” the underside
of the ice sheet. The Number 2 fuel oil slicks became longer and narrower and appeared to “roll”
on the ice undersurface.

* The authors report a value of 2.15 for the multiplicative constant, not 0.346. See the Results section for
further details.
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6. It was found that slicks under plexiglass behaved very differently than those under ice. The
crude oil formed a 0.25 to 0.5 cm film on the plexiglass sheet. In no case did any oil adhere to
either fresh or salt water ice in the course of other tests.

7. Discontinuities in the ice sheet (an open water edge or a slot) caused retention of the moving
oil slick. In addition, the authors caution that their results apply only for “unbounded under ice
oil slicks”. Contact with a boundary, such as a river shore, would also be expected to retard slick
movement.

Objective

This study developed a model for predicting the behaviour of an oil slick in a straight stream or
river of uniform depth, covered with a consolidated ice cover of uniform thickness. It is assumed
that the water is flowing in one direction and at a uniform rate. :

Theory

In developing their oil spill model, the authors review the work of Glaeser and Vance, 1971;
McMinn, 1973; Hoult, 1974; Chen et al., 1974; and Mackay ef al., 1976 for information on
spreading of oil on ice, oil on water, and oil under ice, all in calm conditions. The authors then
develop their own model using a method similar to the force balance technique basic to the Fay-
Hoult models described in the reviewed references. It should be noted, however, that the authors
do not develop a spreading model, but rather an oil slick drift theory, without reference to the
kinetics of the oil slick shape.
The Qil Slick Drift Model )

Qil Injection Chamber
“Consider that a known amount of oil is
injected into a stream beneath a continuous ice
sheet as [shown] in Figure 5.” The authors
note that after the initial release behaviour,
i.e., the formation of a vertical “plume”, the oil
will collect in a layer on the undersurface of
the ice.

Ice Cover

The forces promoting layer spreading include
form drag (the pressure difference between the
upstream and downstream parts of the slick)
and the shear force due to the water current.
The retarding force is “the sliding or rolling Figure 5 Schematic Representation of Oil
friction between the ice surface and the oil, Slick Transport Under an Ice Cover
treating the oil as a solid”.
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Because this model is not axially symmetric, the authors’ define the slick volume as:

V=hlw, (70)
where [ is the longitudinal dimension parallel to the current flow and w is the perpendicular slick
dimension.

The form drag is given as:

F, - % C, o, (U-UY wh, (70)

where C, is a drag coefficient, p,, is the water density, U, is the water velocity, and U, is the
mean slick velocity. The authors note that: “this force becomes more important as the slick
formed beneath the ice cover thickens”.

The shear force is given as:

F - % C. p (U-UY wh. (71)

&

“The shear stress coefficient, C,, is not the same as a drag coefficient over a flat plate.” Two
references (Jeffereys, 1925 and Jirka et al., 1975) are cited to show that C, is estimated to be in
the range of 0.6 to 0.01. “The most significant point is that values of C, for this case are at least
one to two orders of magnitude larger than those for a rigid flat plate.”

The authors estimate the “interfacial friction force” as the product of the force normal to the
surface (the buoyancy) and a coefficient of friction, Cy:

F,-C 0, -0) gV 72)
The balance between driving and retarding forces is:

F, - FuF,. (73)
Substituting Equations (71) and (72) into (73):

c, o, -p) ghwl - %q,pw(uw-o;)2 wh+§-Cspw(Uw-U,)2wh. (74)

Introducing the densimetric Froude number:

U
N, - —, (75)
Ag

g
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reduces Equation (74) to:
2C
(1-Uy - —L— iz (76)
C,—-+C, Nr

Thus, the slick motion could be expected to follow the form:

a-vy - = a7

F

The authors take special note of the 4/ term in Equation (76), commenting that this term makes
form drag the dominant driving force if the slick elongates perpendicularly to the current flow,
while if the slick becomes narrow in the current, shear stress becomes dominant.

Ice Sheet
Carriage — Baffle

Tail Tank

Figure 6 Schematic Depiction of ARCTEC’s Ice Flume

Experimental

The experiments were conducted in ARCTEC’s ice flume, shown in Figure 6. The test section of
the flume was 13.7 m long, 0.94 m wide, and 0.61 m deep. Flow rates in the flume could be
varied up to 170 L/s. The maximum water depth used was 46 cm, leaving 18 cm of freeboard.
The flume discharge was measured by a precalibrated orifice-meter in the return line.

Qil was injected through a 2-cm hole in the ice in the middle of the flume using a pressurized
box. The injection box had a capacity of 26.5 L of oil and injection was controlled pneumatically.
The oil volume was monitored by a float in the reservoir attached to a swing arm on a
potentiometer. Calibration data (Figure 7, not reproduced here) indicate that the injected volume
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was a complicated function of the potentiometer resistance. The difficulties associated with
repeatably injecting oil volumes were probably a major source of the authors’ experimental error.

A new ice sheet was used for each test. While

the sheet was being frozen, the specific 10000
gravity, viscosity, and oil-water surface
tension of the sample oil were measured in
cold-room conditions. Specific gravity was
measured on a hydrometer following the
ASTM E 100-66 procedure. Viscosity was
measured on a Brookfield LVT viscometer,
following ASTM specification D 2983-72.
The viscosity as a function of oil temperature
is shown in Figure 9. The oil-water surface
tension was measured on a Fisher Surface
Tensiometer, Model 20, a torsion balance, as 100
specified by ASTM methods D-971 and D-

1331. The authors note that the crude oil was

too viscous at 0°C to measure the surface Temperature (°C)

tension. It appears that the readings were taken Figure 9 Viscosity versus Temperature for
at room temperature; the procedure is not Crude Oil

completely described by the authors. In

addition to the series of tests before the

experiments, the oil was tested by the same methods afterwards. Parameters for all the runs
performed are shown in Table 2.

Viscosity (poise)
=
=]
(=]
1 NN

| Illl!ll

During injection, the oil flow rate through the 2-cm hole in the ice was estimated to be 0.12 L/s.
A total of 18.9 L of oil was injected for each test. Starting with the injection and for the duration
of oil flow in the ice flume, still photographs and video were taken. The experiment was
terminated when the oil reached the tail tank of the ice flume.

Results

Differences in behaviour between the Number 2 fuel and crude oil were noticed as soon as the oil
was discharged. The Number 2 fuel oil broke up into large drops, while the crude formed a
continuous plume rising to the ice sheet. Also, because the Number 2 fuel oil had a much lower
density than the crude oil, after the injection, it rose to the ice sheet much faster and reached the
ice undersurface noticeably closer to the discharge point than the crude oil, at higher water
currents.

At low current velocities, the crude oil rose to the undersurface of the ice at the injection point
and spread laterally and downstream. In addition, the slick stuck to the injection hole for a period
of time before being swept downstream as a solid body. At higher water velocities, the high
viscosity oil formed a rope-like streamer which came into contact with the ice sheet downstream
from the injection hole. The oil rope would break, forming smatl oblong blobs of oil which were
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wider perpendicular to the water current than
parallel to it. These would then collect to form
a larger slick. “As the slick formed and moved
downstream, its upstream edge thickened as a
result of water accelerating around the edge of
the slick as shown in Figure 13.” Small
patches of crude oil would move faster than g
the larger slick, but were also oriented :
transverse to the current flow. \—/
The Number 2 fuel oil quickly developed into ~ Fi

ow

Ice Cover

a layer of uniform thickness (approximately

0.5 cm) under the ice sheet with a smooth Figure 13 Schematic Representation of the

oil/water interface. Waves were observed at Folding Phenomena at the Upstream End of
the oil water interface at higher water current g Crude Qil Slick

velocities. Also, “the fuel slick ‘rolled’ along
the underside of the ice sheet”. In higher currents, the large slick would lose small blobs of oil
from its edges, which then “blew” downstream, faster than the main oil mass.

In all experiments, the Number 2 fuel oil rapidly spread into a slick with a limiting thickness
which was the same for all trials. The crude oil also showed this behaviour, but only when left
overnight in calm water with oil temperatures close to 0°C. In the one crude oil trial using hot oil
(50°C), the slick spread rapidly to a limiting thickness. No spreading of the cold crude oil slicks
{(~0°C) was observed in any of the other trials.

Both oils exhibited similar behaviour in salt and fresh water. However, the authors note that fine
0il droplets became entrained in the ice sheet in salt water, giving the ice sheet a dirty
appearance. Plexiglass was investigated as an alternative to using ice in the tests, but with no
success. The authors found that a coating of oil adhered to the sheet with both oils. They
conclude: “The oil beneath a plexiglass sheet therefore showed a totally different behaviour than
oil under an actual ice cover.”

In the test conducted with hot crude il (50°C), the authors remark that the hot oil behaved
similarly to the cold Number 2 fuel oil. The high water current used in the trial broke up the oil
slick and little ice/oil interaction was observed.

The parameters for each trial are shown in Table 2. Figures 14 and 15 are plots of the mean slick
velocity versus the water current for the Number 2 fuel oil and the crude oil respectively. The
authors note that the results for tests 20 and 21 (see Table 2) are not shown in Figure 14. These
two trials were suspect because the slicks broke up as “smaller slicks seem to move at much
higher velocities than larger slicks for the same current speed”.
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Figure 14 Plot of Slick Velocity versus Current Velocity for Number 2 Fuel Oil

The authors conclude that the slick velocity for Number 2 fuel oil is linearly proportional to the

water current:

U, = 0.38U,-1.26, for 0<U, <36 cm/s (78)

They note that the oil slick would not move at currents below 4 cm/s.

30
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Figure 15 Plot of Slick Velocity versus Current Velocity for Crude Oil
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Table 2 Summary of Test Data
Test No. ‘Water 0il Type Slick 0il Slick Oil Density, Water  Oil Temp.,* Interfacial  Froude Non-
Velocity, Velocity," Viscosity, Thickness, Pa Depth, T, Surface  Number, dimensional
U, U ™ h d Tension, N: Velocity,
o U
{cmis) (cm/s) (cP) (em) {g/mL) (em) (°C)  (dynefem)

1 50 No.2Fuel 04 7 0.5 0.86 27.8 - - 0.60 0.08
2 140 No.2Fuel 35 7 0.5 0.86 27.4 1.5 - 1.69 0.25
3 54 No.2Feel 06 7 0.5 0.86 25.6 2.6 16.6 0.65 011
4 99 No.2Fuel 2.0 7 0.5 0.86 23.5 1.0 12.8 1.20 0.21
5 151  No.2Fuel 4.1 8 0.5 0.86 23.6 1.4 14.8 1.82 0.27
6 20.1 No.2Fuel 6.6 7 0.5 0.86 22.7 0.4 19.3 2.43 0.33
7 20.1 Crude 23 25500 1.3 0.91 23.0 0.8 69.0 1.88 0.12
8 9.8 Crude 0.0 15 000 L3 0.91 2L.7 0.8 38.0 0.92 0.00
9 20.0 Crude 3.7 15 000 1.3 0.91 217 0.8 38.0 1.87 0.18
10 20.0 Crude 44 15 000 1.3 0.91 217 - 380 1.39 0.22
11 14.9 Crude 0.5 25500 1.3 0.91 23.4 1.8 15.8 1.33 0.03
12 14.3 Crude 0.5 25500 1.3 0.1 234 1.8 15.8 1.84 0.04
13 19.7 Crude 3.4 36500 1.3 0.91 16.1 03 17.0 2.26 0.17
14 24.2 Crude 106 36500 1.3 0.91 16.1 - 17.0 1.48 0.44
15 15.8 Crude 1.9 36500 L3 0.91 16.1 - 17.0 2.19 0.12
16 24.8 Crude 123 25500 1.3 0.90 13.4 2.0 158 2.67 0.50
17 30.1 Crude 157 25500 1.3 0.90 13.4 2.9 15.8 2.67 0.52
18 36.1 Crude 246 25500 1.3 0.91 134 55 15.8 3.37 0.68
19 19.4 Crude 44 25500 1.3 0.91 134 1.5 15.8 1.81 0.23
20 213 No.2Fuel 98 7 0.5 0.86 10.5 24 13.4 2.57 0.46
21 245 No.2Fuel 167 7 0.5 0.86 10.5 2.2 13.4 2.95 0.68
22 195 No.2Fuel 58 7 0.5 0.86 13.9 0.1 10.1 2.35 0.30
23 272 No.2Fuel 97 7 0.5 0.86 13.9 0.0 10.1 3.28 0.36
24 323 No.2Fuel 107 7. 0.5 0.86 13.9 0.0 10.1 3.90 0.33
25 250 No.2Fuel 78 7 0.5 0.86 13.9 0.1 10.1 3.02 0.31
26 91 No.2Fuel 24 7 0.5 0.86 14.9 0.4 93 110 027
27 149 No.2Fuel 47 7 0.5 0.86 14.9 -1.0 9.3 1.80 0.32
28 210 No.2Fuel 7.0 7 0.5 0.86 149 -1.0 9.3 2.54 033
29 14.5 Crude 1.0 25500 1.3 0.91 152 -1.5 16.4 1.35 0.07
30 19.4 Crude 48 25500 1.3 0.91 152 0.7 16.4 1.81 0.25
31 25.8 Crude 10.6 25500 13 0.91 152 2.3 16.4 241 0.41

*Computed as the change in downstream position of the slick edge divided by the change in time and average overall

readings.

*Temperature of oil before being injected into the stream.
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A similar analysis for the crude oil gave good results for water velocities above 20 cm/s, but
predicted a threshold current for slick movement (~15 cm/s) that the authors felt was too high.
Therefore, a power function was also fit to the data, which gave a threshold velocity of 8 cm/s.
The expressions the authors derived were:

U, = 8.6x10°U.”, for 8<U, <28 cm/s, and (79)
U, - 1.10U,-16.60, for 28< U, <36 cm/s. (80)

The authors note that the crude and Number 2 fuel oil slicks behaved very differently in the water
current. The Number 2 oil slick was always long and narrow. By assuming that only shear forces
were important, the authors reduced Equation (76) to:
Bl
a-uy - =, (83)
i

with,

! &4

for Number 2 fuel oil. This relationship is examined in Figure 16.

1.0

(1-uy?

0.2 —

0.0

] I 1 I | i ! i
0.0 0.4 038 1.2 1.6 2.0 24 28 32

N

Figure 16 Generalized Slick Transport Relationship Based on Number 2 Fuel Qil Tests
Where the Slick is Oriented Parallel to the Flow
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The fit to the data shown on Figure 16 is:

a-uy - 9146 5450, (85)
N2

r

The constant term, while not predicted by the force balance model of motion, Equation (73),
“could be momentum losses due to wave formation at the oil water interface”. The authors
theorize that this would depend on the square or the water velocity:

F, - F+Cp,U) (86)

and that for “large enough” Froude numbers, this interfacial flow resistance term would dominate
and cause the slick to break up.

Conversely, the crude oil slicks were always “short and wide”, oriented fransverse to the current
flow. Assuming that form drag is the dominant driving force gives:

B
a-Uy - =%, 87)
N;
where
2C, 1
B, = th . (88)

This is plotted for the crude oil results in Figure 17. The best fit to the data is reported to be:

a-ouy
®
©

0.1 — ©

1 (1- U =0.346 (UNDH"?

0.01 T ¥
0.01 0.1 1

UN;

Figure 17 Generalized Slick Transport Relationship Based on Crude Oil Tests Where
the Slick is Oriented Transverse to the Flow
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1 L15
1-UY =215 | — A
o [M] (89)

although, a re-examination of the data suggests that the multiplicative constant should be 0.346
(with a correlation of: #* = 0.880). The authors note that the exponent in Equation (89) is close to
unity, “indicating the approximate validity of the force balance”. The authors remark that the
quality of fit of Equation (89) “compares favourably” with that of Equation (80), although the
threshold velocity is still not accurate [however, the linear correlation of Equation (80) is better].
Also in Equation (87) and (88), B, is not truly a constant, but depends on /A,

Application of Results

The authors state that their expressions can be applied directly to field spills under ice sheets,
without scaling the results, and that Equations (78) to (80) may be used without modification, To
use the more general Equations (85) and (89), the properties of an oil must be known, and also
the orientation adopted by the oil slick, whether perpendicular or parailel to current flow.

BOSS Critique

The authors report a model for oil slick drift in a water current under ice by comparison with oil-
spreading theories. When considering this study, it is important to note that, even though the
authors present their model development in the context of spreading theory, the end result is
applicable only to the motion of a bulk slick without reference to slick formation or dimensions.
For example, their model does not predict spreading kinematics or a terminal layer thickness.
The model divides oil slick motion under ice into two cases: a viscous oil, moving in a slick
fransverse to the water current and a relatively fluid oil slick oriented parallel to the water flow., It
is anticipated that the non-dimensional expressions [Equations (85) and (89)] would be most
applicable to field behaviour, although certain oil properties, specifically viscosity, must be
known and the slick dimensions, particularly length (parallel to the water current) and height,
must be known or calculated using a spreading model.

The authors performed many tests for each of the two cases, which gives their results significant
statistical validity. It must be noted, however, that the variability of the oil volumes injected
under the ice was an important source of error in the authors’ results. Also, while the authors
have described the motion of the “main™ oil slick under ice, the velocities of smaller blobs or
drops of oil are not included in the models presented here. For both the viscous and non-viscous
oil, the authors remarked that smaller blobs of 0il would split off from the main shck and travel
downstream at a higher velocity than the main blob.

As a final note, the author’s rationale for deriving two expressions for crude oil motion
[Equations (79) and (80)] seems inappropriate. Referring to Figure 15, the data seems to correlate
very well to the straight line given by Equation (80). The power curve, Equation (79), seems to
fit the data less well, as can be seen by comparing the correlation parameters given on Figure 15.
The authors’ argument that the power expression is necessary to correctly describe the threshold
of slick motion also does not appear to be borne out by an examination of their results. From
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Figure 15, it can be seen that there are three points with very low slick velocities near the
threshold of motion predicted by the linear model, Equation (80), while there are no data points
near that of the power series expression, Equation (79). It is therefore recommended that only
Equation (80) be referred to for future work.
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L.W. Rosenegger, The Movement of Oil Under Sea Ice, Technical
Report No. 28, Beaufort Sea Project, Environment Canada,
Victoria, B.C.,, 81 p., 1975.

Summary

“An evaluation of some of the parameters affecting the flow and areal distribution of crude oil
under a sea ice canopy has been presented. It was found that the interfacial tensions between oil
and brine (12 %)) for Swan Hills and Norman Wells crude oils were 24.5 and 23.8 dynes/cm
respectively. Interfacial tensions at salinities other than 12 /_, have also been presented. Effects
of aging on the interfacial tension could not be determined... The equilibrium thickness of these
two crude oils under ice was found to be 0.80 and 0.88 cm for the Swan Hllls and Norman Wells
samples respectively.”

The author also presents equations for the minimum force required to initiate motion in an oil
bubble attached to the underside of an ice sheet as a function of the oil mass. The “residual”

forces were calculated to be (in dynes, for grams of oil) R’ = 58.3M>*" for Swan Hills crude and
R’ - 23.8M™ for the Norman Wells oil.

Using the measured surface tensions for the two oils, the “surface-tension limited” thickness of
both crudes was calculated to be 0.25 cm, which the author considers to be a conservative,

i.e., low, estimate of the ultimate spreading thickness of slicks of Swan HIHS or Norman Wells
crude oils on water.

The author also concludes that the maximum possible salt content of oil, if any, is insufficient to
contribute to under-ice surface rot. As well, based on reported porosity measurements, the author
concludes that little incorporation of oil into an ice sheet would be expected. If the oil is close to
an oversized drainage channel (1.4 mm in diameter or larger), however, some penetration would
occur. In the spring, as melting proceeds and the brine drainage channels open, a significant
amount of oil penetration should be expected.

Objective

The major objectives of the study were: to measure the interfacial tension of oil on ice in brine
for Norman Wells and Swan Hills crude oils; to observe the motion and/or surface absorption of
oil drops at the interface of ice and salt water as a function of ice sheet tilt; to determine the
ultimate size of an oil slick; and to determine the extent of oil penetration into a growing ice
sheet from underneath.

Theory

Surface Tension Measurements by the Sessile Drop Method
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The interfacial tension of a liquid on, or hanging from, a liquid surface was related to a constant,
B, by Bashford and Adams, 1883 in the form:

p - 800 1)
g

where g is the gravitational acceleration, p is the
density difference between the fluids, & is the
radius of curvature at the origin of the
coordinate system, and o is the interfacial
tension. The author notes that B must be positive
for hanging drops.

Bashford and Adams, 1883 proposed a method
of calculating  from a second order differential N 2x > Water
equation in x and y (see Figure 1), and x

presented calculation tables for various values Figure 1 (Modified) Schematic of

of ¢. Later authors (Staicopolus, 1962, 1963, Measurement Parameters in
and 1967 and Parvatikar, 1966 and 1967) recast the Sessile Drop Method

the original differential equation in x and y and solved for the interfacial tension. From
Staicopolus, 1962:

o - £E ), 3)
B¢ F,

o - EP ), @
B,G,

where x and ¥ are the drop dimensions (see Figure 1), and the terms B, =8 , F, = ( %) ,and
¢

G, = ( -y;:] are derived from fourth order polynomials in x/y, The author gives tables of these
¢

quantities, taken from Staicopolus, 1962.
Surface Tension Measurements by the du Noiiy Ring Detachment Method

To calculate oil-brine interfacial tensions from the air-oil and air-brine surface tensions measured
by the du Noily technique, the empirical relationship of Good et al., 1958 was used:

o, = 0,+0,-2D,jo 0, , ®

*Rosenegger used ¥ as a symbol for the surface tension, which is often found in chemical literature. For consistency with
the rest of the BOSS reviews, o is used here.
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173 113
where ® - RO (10)

[V;B* me ?

and ¥, is the molar volume of phase x.
Movement of Oil Drops

The residual force on an oil droplet buoyed up against
a tilted ice sheet (the force which initiates motion
parallel to the ice sheet), R', is given as:

R’ - [f—"—-—p—"-]%gsinu (11)

o

where p,, and p, are the water and oil densities
respectively, M, is the mass of the oil droplet, g is the

acceleration due to gravity, and o is the angle of the ice & | Water
sheet from the horizontal.
- Figure 31 Schematic of the Force
S;:ls te R’ Causing Motion in the
X Direction

Water
Figure 38  Profile of an Oil Lens on Water

Surface Tension Limits of Slick Thickness

The author calculates the thickness of oil floating on water at equilibrium, ¢ , using the formula
given by Langmuir, 1933:

¢2 - 25 Pwer PumrPor (15)
Sl Puaer

where S is the spreading coefficient, which must be negative for Equation (15) to be valid. It was
defined by Adamson, 1960 as:

Sdﬂmn’er = O e ™ Y™ Cserton : (1 6)

for pure liquids. However, at equilibrium, the two liquids will become mutually saturated which
alters the surface tensions: g __~c,, o -0, The spreading coefficient becomes:

om

S - oiw”—o;,—owm (17)
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Methods

Surface Tension Measurements by the Sessile Drop Method

A 12 part-per-thousand (by weight) brine solution was frozen in a clear plexiglass tank until a
5-cm ice layer had formed. A heating tape in the bottom of the tank ensured a temperature
gradient in the brine solution during freezing. After freezing, a hole was drilled in the ice and oil
was injected into the brine using a stainless steel syringe. The author notes that it was very
difficult to control the size of the bubbles formed by this procedure. Two hundred individual
droplets attached to the ice were photographed with a 200-mm lens. The resulting slides were
projected on an optical comparator and the dimensions of the oil droplets were measured directly
from the slides. The maximum diameter of the droplets (2x), the distance from the drop apex to
the ice sheet (%), and the distance from the line of maximum diameter (¥) and the contact angles,
6, and 6, were all recorded, as shown in Figure 1. The pair of contact angles were averaged for
further calculation. The interfacial tension was then calculated using Equations (3) and (4).

A string of thermistors was frozen into one of the sample tanks and readings were taken before
and after the test to determine temperature drift during the readings. The ice-air surface warmed
considerably, but the temperature at the brine-ice interface differed by slightly more than 0.5°C
before and after the measurements. It was reported that the 12 °/, brine solution froze at between
-1.6 and -1.3°C.

Errors in measuring drop dimensions were reported to be less than 0.001 in. (0.025 mm) in both x
and y using the optical comparator. It was found that the precision of the measurements depended
heavily on the picture quality and image focus. The 0.025 mm estimated error was further
multiplied by the inverse of the image reproduction size ratio (typically 1x or 2x) for the true
estimated error. Variations in the ice sheet also caused measurement difficulties. Oil bubbles
usually settled into a holiow in the ice surface which made it difficult to measure the dimensions
of the bubbles.

Surface Tension Measurements by the du Noiiy Ring Detachment Method

Surface tensions were measured by ring detachment with a Fisher Tensiomat, model 21, at 25.8
t0 28.2°C. Four or five trials were performed on each fluid and the apparatus was cleaned using
the “ASTM 1970” procedure. The apparatus was calibrated before and after the tests. Specific
densities were determined, by an unspecified technique, for each fluid except the 6 °/, brine
solution. This solution was interpolated between the values for the other solutions and that of air,
a technique taken from Kreith, 1968.

Movement of Oil Drops

The limit-of-motion tests were performed with the same apparatus as the sessile drop
measurements, using a hinged table to tilt the tanks. The tanks were modified so that there was
an air space between the tank and insulating walls, which helped to prevent the brine from
freezing down the walls of the tanks. The author also notes that, while growing flat ice sheets
was difficult, a method was found for growing parallel plates of ice, then levelling the tanks prior
to the experiments. ‘
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Oil was injected under the ice sheet, using a method similar to that for the sessile drop
experiments. The bubbles were photographed and the test apparatus tilted until the oil bubbles
began to move, which was determined visually. As the author found it difficult to obtain useful
pictures of the bubbles, the oil volume was often estimated from the amount of oil injected and
the relative size of other bubbles. Measuring bubble velocity was complicated by the frequent
“necking” into multiple droplets. Velocities were recorded for the first of the multiple droplets to
reach the final marker and therefore were not representative of the whole oil bubble. :

Tests were performed on both Norman Wells and Swan Hills crude oils. The oil bubble masses
were estimated from the sessile drop measurements using a formula described by Staicopolus,
1962. The author found that Staicopolus’ formulae were limited to values of x =1.

Results

Surface Tension Measurements by the Sessile Drop Method

The author reports that, of the 200 oil droplets photographed (111 of Swan Hills crude and 89 of
Norman Wells crude), 26 were discarded due to poor image quality (19 of Swan Hills and 7 of
the Norman Wells crude oils). The experimental results are summarized in Table 4.
Measurement histograms are shown in Figure 13 for the Swan Hills oil and in Figure 14 for the
Norman Wells oils.

Table 4 Interfacial Tensions Between Oil and 12 %/, Brine Calculated From

Experimental Data
Oil Type Number of Mean Standard Maximum  Minimum Range Mean
Observations ‘ Deviation Deviation
Swan Hills 92 25.456 7.009 47.693 6.925 40.768 4.960

Norman Wells 82 23.982 7.904 49.151 5.686 43.465 6.103
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As the standard and mean deviations are quite high, the author questioned the usefulness of the
sessile drop technique. The measurements were analyzed by computing the interfacial tensions
using both x and y [Equations (3) and (4)]. There was essentially no difference between the
results in all cases. However, the author notes that there was large scatter in both ¢, and o, for
low values of x. A further examination showed that for drop sizes up to x = 2 mm, the ratio

x/y = 1, i.e., the oil droplets were very close to spherical. It was found that at x/y = 1, the
polynormal B, approaches 0, while the terms F, and G, are both equal to 1. It was therefore clear
from Equatlons (3) and (4) that small measurement errors in either x or y for nearly spherical
drops resulted in large calculated errors in o.

The author concludes that the sessile drop method is not reliable for measuring interfacial tension
of oil droplets with radii, x, smaller than 2 mm. Furthermore, because the term B, grows rapidly
as x/y increases, especially with respect to the relatively constant behaviour of the polynomials F,
and G, small variations in droplet height, y, when x » y will also cause significant errors in 0.
The author reports that a measurement range of 2 mm < x <3 mm gave the best results for the
calculated surface tension.

The interfacial tension was seemingly unaffected by aging. The author notes that weathering
effects would be well within the limits of accuracy of the sessile drop method. The length of the
observation period is not reported, but it was probably not more than a few hours.

In addition, the author was able to predict a minimum slick spreading thickness from the
asymptotic limit of y which was then correlated to the total droplet height experimentally. For the
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Swan Hills crude, 0.80 cm maximum thickness was predicted, while 0.88 cm was predicted for
the Norman Wells Crude.

Surface Tension Measurements by the du Noiiy Ring Detachment Method

The measured air-liquid surface tensions are shown in Figure 30 as a function of the brine
concentration. The best fit results are shown in Table R.1 (as calculated for this review). The low
correlations of these lines reflect considerable scatter in the data. For 12 %, -1.0°C brine-ice
solutions, the author reports temperature-corrected oil-water interfacial tensions of

26.65 dynes/cm for the Swan Hills crude and 27.06 dynes/cm for the Normal Wells crude. Based
on variations in the reading, the author estimates that experimental error in the ring detachment
values is at most 10%, including errors in the temperature corrections.

Table R.1  Fit Results for Air-Liquid Surface Tension Measurements

System (liquid-air) Fitted Curve Correlation
Brine 0 =0.116 (Brine %o) + 65.3 0.23

Brine saturated with Swan Hills oil 0=-2.71 x 10? (Brine %o) + 53.5 0.034

Brine saturated with Norman Wells o =0.223 (Brine %o0) + 38.3 022

o0il

Swan Hills oil saturated with brine o = 1.06 (Brine %o) + 24.8 0.012

Norman Wells oil saturated with brine ¢ =3.56 x 10 [(Brine %o) -5.90]*%% + 21.6
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Movement of Qil Drops

The results showed that the angle that initiated motion correlated to the oil bubble mass. Using
Equation (11), the results for Swan Hills and Norman Wells oils are shown in Figures 36 and 37
respectively. The author reports the best fit lines as:

For Swan Hills crude: R’ = 48.5M°* (13)
For Norman Wells crude: R' - 234M)% (14)

A regression of the data suggests that the best fit values are:

For Swan Hills crude: R’ - 583M* (= 0.828)
For Norman Wells crude: R' - 23.8M°™ (7 = 0.785)
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Figure 36 Force to Initiate Motion vs Figure 37 Force to Initiate Motion vs
Mass for Swan Hills Crude Mass for Norman Wells Crude

Surface Tension Limits of Slick Thicknesses

The results of the author’s calculations are shown in Tables C-1 and C-2 for the Swan Hills and
Norman Wells crude oils respectively. Rosenegger notes that the saturated surface tensions
measured using the ring detachment technique are taken from the best-fit lines on Figure 30. The
saturated solutions were prepared by allowing brine-oil mixtures to sit for 24 hours in a sealed
container to prevent oil weathering. As the measurements were performed at room temperature, a
temperature correction was applied to both the brine and the oil surface tensions, as shown in the
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tables. No reference was given for the temperature corrections. The author also notes that his
measured surface tension differed from that reported by Adamson, 1960. The values shown on
the tables have been modified “to account for the 5% error” between the author’s and Adamson’s
values. The source of this discrepancy is unclear.

Extracted from Table C-1 Data Used for Calculating the Spreading Coefficients for Swan Hills Crude

Salinity O pater o', O pter "G (TC) Opuerion” by O er srre
(rey (TC)y

o dynes/cm  dynes/om  dynes/em  dynes/cm  dynes/fem  dymes/cm  dymes/fcm  dymes/cm
6 55.6 26.2 60.0 250 26.0 5.0 58.7 3.7
12 556 262 60.0 29.0 26.3 4.7 58.7 34
13 55.6 262 60.0 29.0 26.6 44 58.7 31
24 55.6 26.2 60.0 29.0 26.9 4.1 58.7 28
30 55.6 26.2 60.0 29.0 272 3.8 58.7 2.5
36 55.6 26.2 60.0 29.0 275 3.5 58.7 22

*Temperature corrected (to 0°C) using o', = Oy =~ 0.16 AT
bTemperature corrected (to 0°C) using o',; = 0,; - 0.1 AT
“Calculated using Equation (9) with & = 0.832

dSample aged one week

*Aged sample, calculated as: §"= 0", (TC) - 6'; (TC) - O iomioit

Extracted from Table C-2 Data Used for Calculating the Spreading Coefficients for Norman Wells Crude

Salinity s - o' A () a', (TC)® Oatessoll’ s’ ‘.

Yoo dynes/em dynes/cm dynes/cm dynes/cm dynes/cm dynes/cm cm
6 41.9 232 46.1 25.9 264 -6.2 0.29
12 432 23.2 47.4 25.9 T 267 -5.2 0.27
18 44.4 234 48.6 26.1 27.0 -4.5 0.25
24 45.7 23.6 49.9 26.3 273 -3.7 0.22
30 46.9 24.7 " 51.1 274 27.5 -3.8 022
36 482 26.9 524 206 27.8 50 0.25

*Temperature corrected (to 0°C) using o6',,.,, = Oorer — 0.16 AT

"Temperature corrected (to 0°C) using o' ;= ¢,; - 0.1 AT

“Calculated using Equation (9) with ® = 0.831

Note that the spreading coefficient for the Swan Hills crude is positive. The author remarks that
aging would lower the spreading coefficient as do the surfactants naturally present in the oil.
Finally, he states that even if a negative spreading coefficient had been measured at 0°C for the
Swan Hills samples, the terminal spreading thickness predicted by Equations (15) through (17)
would not be useful due to the high pour point (-9.5°C) of the oil.
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The author regards the thickness calculated for the Norman Wells crude as a minimum, and
expects that, as the oil weathers or as temperatures decrease, the equilibrium spreading thickness
would increase.

Solute Distribution
50 v

The author reports the salt content of 22 crude (10
oils, shown as a frequency histogram in Figure
39. This work was not performed by the author
and is of unknown origin, and the salt analysis
technique is referred to only as the “Blair
Method”. From the average of these salt contents
and some sample calculations based on an
underwater well blowout of 1500 bbl, the author
concludes that an “average” blowout would
result in an under-ice oil slick of 3.0 x 10* m?, 8 n
mm thick with a bulk salt concentration of 0.08 [_| y_!:
°/ .- He further concludes that this salt 0 ‘ T
concentration is not sufficient to rot the under-ice o 20 40 60 80 100 200
surface. Also, since the salt is more likely to be Salt Content (Ibs/Mbbl)
dissolved in dispersed water droplets than in the

oil, he suggests that most of the salt would be  Figure39  Histogram of Salt Content
released to the water column during the oil’s from 22 Locations

ascent.

(Figures in brackets

40 4 are the number of samples)

30 -

20 — 4

Frequency (%)

Qil Penetration

The author performed some sample calculations to evaluate the migration of small oil drops into
brine channels based on reported channel sizes (Assur, 1958 and Eide and Martin, 1975). From
Anderson, 1960, the author reports that the pressure drop across a circular brine channel opening,
that is the pressure required to penetrate the meniscus, is given by:

AP - (E] cos0,

7

where r is the radius of the capillary, o is the oil-ice interfacial tension, and 0 is the contact angle.
Assuming o to be 25 dynes/cm and 0 as 150°, then AP is a function of the diameter, 7, of the
capillary opening:

r (mm) 0.1 0.2 0.5 0.7
AP (dyne/cm?) 4330 2167 866 617

Note that the pressure drops, AP, are negative, which is interpreted as a resistance to flow up the
capillary.

The author includes a sample calculation of the pressure differential across an oil bubble at a
capillary mouth. He presumes that the bubble is 8 mm thick and that the specific gravity of the
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oil is 0.81. The author states that this gives a pressure drop of 636 dynes/cm? at the interface
between oil and ice. He concludes that, when the radius of a capillary orifice expands to
approximately 0.7 mm, which would perhaps happen during a thaw, an 8-mm thick layer of oil
beneath the ice would begin to penetrate into such an opening. However, the source of the
author’s buoyancy calculations is unclear. By comparison, Equation (11) with & = 90° gives the
buoyant force of approximately 165 dynes/cm?® on a 1 cm? area of 0il 8 mm thick. Using Equation
(11), the oil layer would have to be slightly less than four times the author's reported value, 30
mm, before oil would be able to travel into a brine channel with a radius of 0.7 mm.

From these calculations, the author concludes that significant penetration of oil into ice would
not occur except when brine drainage channels are oversized or during the spring melt as the
brine channels open.

BOSS Critique

The author presents a catalogue of original surface tension measurements and also reports a
number of other studies from unknown sources pertaining to oil behaviour in cold water. The
author notes that the measurements of the interfacial tensions by the sessile drop technique are
highly variable, with errors of at least 30%. By contrast, the values measured by the ring
detachment method are much more reliable, with an estimated error of 10%.

The force required for motion of oil droplets on the underside of an ice sheet should be calculated
from the regression values evaluated for this review, not the values reported by the author. In
addition, the regressions had only a moderate level of correlation; the errors in the work should
be considered to be approximately 25%. As the force is expressed as an exponential function,
these errors become very large for larger masses of oil, and should thus be used with caution.

The spreading limits calculated by Equations (15) to (17) are reported with little comment. As no
spreading experiments were presented to validate the calculated values, it is impossible to
evaluate their applicability.

The author argues that little salt will be present as a solute in oil and will not contribute to under-
ice rot. As neither the source of the author’s data nor the locations from which the samples were
taken are given, however, the applicability of these conclusions cannot be determined from this
study. '

Finally, the minimum thickness that oil must be in order to penetrate into a brine channel is
calculated. While it appears that the quantitative thickness reported by the author is incorrect, it
seems that his conclusions that oil will migrate only through wide brine channels, such as those
during spring melt, are borne out by the work of other authors.
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T.J. McMinn, Crude Oil Behaviour on Arctic Winter Ice, Project
734108, United States Coast Guard, Washington, D.C., 75 p., 1972.

Summary

The spreading of small spills of oil on snow and ice was investigated in Arctic mid-winter
conditions. The aging of oil and the effects of snow were also examined.

“Oil spreading over ice and snow is dominated by gravity and inertia forces. Spreading rate is
independent of the properties of the oil and is not affected by temperature. Terminal pool size of
a known volume of oil is, however, indirectly related to temperature [in that the final area is a
function of the ‘effective surface roughness’ which, in turn, is a function of temperature.]”

“Snow tends to combine with pooled oil until the oil is effectively saturated with snow crystals.
The resulting mixture may be as high as 80% snow. After saturation (which can happen in a few
hours) additional snow covers the oil making visual detection of areal extent impossible....
Absorbtion of [warm] oil into the snow or ice surface is minimal.” [Note: the author used 16°C
oil in all experiments].

“The winter aging rate [of oil] is significant and should not be discounted.... [T]he density of
crude oil will increase with time, eventually becoming more dense than sea ice (0.901 g/mL) and
sea water (1.04 g/ml.).”

Objective

This study developed and evaluated a model for oil spreading on snow-covered and windswept
ice. Oil aging in snow and on bare ice was also examined experimentally. Cleanup techniques
(burning and the use of sorbents and dispersants) were also discussed, but are not covered in this
review.

Theory

The author presents a theory based on the three-phase spreading model of Fay, 1969 (bereafter,
the Fay-Hoult equations), with modifications for continually increasing spill volume (to simulate
a pipeline break or tanker seepage) and spreading in snow.

The gravitational force, F,, is related to the hydrostatic pressure, P, by:
' F, - ["Pdd,
where P - pgh. The slick area is defined as 4 - 2nrk,with dd - 2nrdh.
Therefore:
F, - rugh’[pl. 1)

g
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[Note that the author omits the density term {p) in Equation (1). This appears to be a simple
typographical error; the derived expressions are correct.] Surface tension, o, acts as a second
spreading force, given as:

F = 0(2nr),

where 0, is “the resultant surface tension vector when oil interfaces an ice surface” which acts
over the slick circumference. The thickness at which these two driving forces is equal, when
surface tension forces begin to dominate the spreading, is: ‘

20
h, - Z. 2)
PE
The author gives a similar analysis for the retarding forces of inertia and viscosity. The inertial
force is:
F, - m2,
dt
where the oil mass, m - ¥p - nr2hp and the slick edge spreading velocity, v - #/t.
Substituting,
3
F, . Zer’h 3)
tZ
The viscous force is derived from the definition of (dynamic) viscosity,
- T
ﬂ 2
dh
where © - F /nr* and dv/dh - vih. Velocity, v, is assumed to be r/t. The viscosisty term can
therefore be written as:
F ht
T [
r’
Note that the author had this as 7, which again was probably a typographlcal error. The
corrected form is shown above. Solvmg for the viscous force, F,, gives:
F - TI:],U' . (4)

¥ ht
The ratio of inertial and viscous forces, Equation (3), divided by Equation (4), ph¥n¢, depends
on the slick thickness and inversely on the time since the spill. At the small times, the ratio is
large and the inertial term dominates the resistive forces. At later times, the viscous force comes
to be more important than the inertial force.

The author wished to model spills from a broken pipeline or a slowly leaking surface vessel. The
conventional Fay-Hoult equations are therefore modified to account for an increasing spill
volume. For an average flowrate, @, the total volume spilled after time, ¢, is:



v,-Bt. )
However, the total volume is also:
V. - nrth. (6)
Thus:
|2t
r e @)

To quantify the roughness of the snow/ice surface, the author introduces z,, the effective
roughness height. The author defines this quantity as a function of surface roughness, ice
permeability, and oil viscosity. Citing a private communication with D.P. Hoult, the author
indicates that the effective roughness heights have been found to vary widely, but in practice are
seldom less than 0.1 ft. or 3 cm.

The author concludes that spreading will stop when the slick thickness is approximately equal to
z,. Substituting this into Equation (7), the maximum predicted radius of the slick is:

roe |28 ®)

m
Tz,

In Figure 6, Equation (8) is plotted for a range of

roughness heights. Although typical roughness .
heights were unknown at the time of this work, &
the estimated lower limit for z, of 3 cm wasused 3
by the author to determine final spill areas. E
The author reports a value for 4, from Equation I';;
(2) for Prudhoe Bay crude (described in the 2]
Method section of this review). To estimate the =)
value for the resultant surface tension, o,, the g
surface tension vector tangent to the liquid =
surface at the liquid-solid interface, the author a0
uses the formula: =
0, - o(l+cosB). (8) 1 I | I

E 2 3 4 5 6
For o, avalue of 30 dynes/cm is used (no ] [logarithm of]
reference is given but this is the value listed in Volume Oil Released (Q x T) (BBLS)
Whiticar et al., 1992). The author arbitrarily Figure 6 Maximal Area Coverage - Ice Spill
assigns a value of 45° to 0 as a “conservative”
estimate. This gives a value of 0.342 ¢cm for 4,. Note that the contact angles of similar oils, such
as North Sea Brent, range from 20 to 25° (Liukkonen ef al., 1995), which results in a critical

height of 0.365 cm. A contact angle of 0° gives a maximum critical height of 0.371 cm.

However, since the author has assumed that the slick will stop spreading when the oil thickness
reaches the surface roughness height, z,, assumed to be at least 3 cm, the author predicts that the
transition to spreading caused by surface tension is never reached and that gravity is the only
significant driving force. In addition, “since the final thickness of an oil spill on ice is quite large
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compared to an oil spill on water, and as previously discussed the ratio of inertia to viscous
retarding forces vary as k°, we can also make the assumption that viscous retarding forces are
negligible contributors to the resulting retarding force”.

Therefore, the author concludes that the gravity-inertial phase is the only important spreading
mechanism for oil on ice. Equating the two forces [Equations (1) and (3)] gives:

nrpgh? - ﬂ:i (10)
t
Solving Equations (5) and (6), for the oil slick heiight, h, gives: -
i (11)
nr?
Substituting this expression for variable volume into Equation (10) and solving for the slick
radius gives:
— ) 14
e [g) K (12)
A .

The author’s spreading model is thus: spreading progresses as Equation (12) until the slick
thickness reaches the effective roughness height, at which point the spreading stops.
Non-dimensionalization of Data [From Appendix B]

The expenmental data was non-dimensionalized in length (L) and time (7) by apportioning the
constants in O and g into distance and time fractions.

Dimensionally Q=0T
~ and g=LT.
To non-dimensionalize time and length:
Tnd = Tdata/ g gv s
where 0* ¢’ = T, and _ (C1)
LndzLdara/Qagb, '
where ¢ g’ = L. (CD)

Solving this system of equations gives: x = 1/5, y =-3/5, a =2/5,and b = -1/5.
Thus:

Tt = T/ (0/2)" (C3)
and Loy =L/ (O/70)%2. (C4)
Substituting @ = 0.172 ft.*/s (see Method section) and g = 32.2 ft./s%, (C3) and (C4) become:

T, = T,/ 0.08758, (C3)

and Ly =L,/ 024707. (C4)
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Figure 1 Port Clarence Daylight Chart Figure 2 Port Clarence Temperature Profile

Method

To duplicate the environmental areas where crude oil would most likely be spilied, a test site was
selected that was close to 1) bay ice, 2) pack ice, and 3) tundra. The tests were conducted in Port
Clarence Bay, 65° 15°N, 160° 55°W, a salt water bay on the Bering Sea.

Year-round site conditions are shown in Figures 1 and 2. The experimental work was conducted
in January,1972.

The spreading experiments were conducted on both windswept and snow-covered ice. Surface 1
was stationary ice (0.6 to 1 m thick) and covered with 200 mm of snow. Surface 2 was the
windswept surface of a fresh water lake, located just inland (~300 m) from the Bering Sea. The
fresh-water site was chosen because it was the only ice surface completely bare of a snow cover.
At the sites chosen, the ice was as leve;l as possible.

Oil was contained at the site in an insulated 100-gal (378.5-L) oil storage tank mounted on a sled.
The rate of oil discharge from the tank was controlled by blowing compressed air into the
storage tank. Oil was discharged through a line attached to a 3.7-m boom.

Aluminum stakes were driven into the ice surfaces at 30-cm intervals radially from the point of
discharge. The crude oil was poured into the centre of the stakes at a known rate of flow.
Spreading was recorded with an 8-mm camera. The spreading rate was determined by analyzing
the film, The average discharge rate was 0.172 /s (4.9 L/s).

Four slicks were created - three on the snow surface and one on bare ice. The oil was kept in the
storage tank at 58°F (14°C) before pouring. The oil used was a North Siope (Prudhoe Bay) crude
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oil, with properties shown in Table R.1 (from Appendix C, reprinted from the Oil and Gas
Journal).

For the oil-weathering experiments, two oil pools of 50 gal (189.3 L), 10 fi. (3.1 m) in diameter,
were used for collecting samples. One spill was discharged on smooth ice, the other on a snow-
covered ice surface. Samples were collected once a day in two 8-oz. (237-mL) aliquots, and
stored in Teflon-gasket Nalgene bottles. The first aliquot was measured for viscosity using a
Brookfield LVF rotational viscometer. The second sample was sent to the Exxon Research and
Engineering Company in Bayton, Texas, for analysis of density, boiling point distribution, ratio
of water to oil, and ratio of saturates to aromatics. North Slope (Prudhoe Bay) crude was used in
the aging pools, the same as for the spreading experiments.

Table R.1 Routine Analysis of Prudhoe Bay Crude Qil

Colour brownish black
Gravity Specific 0.893
°API 27.0
Pour Point I5°F (-94°C)
Viscosity 77°F (25°C) 111 s (Saybolt Universal)  (22.7 cSt)
100°F (38°C) 84 s (Saybelt Universal) (16.6 cSt)
Sulphur % 0.82
Nitrogen % 0.230

[Note: fractionation data omitted]
Results

The raw spill data measured from the films is shown in Table 1, with the non-dimensionalized
values shown in italics (constructed as previously described in the Theory section of this review).
A log-log plot of the non-dimensionalized slick radius against time, as well as the predlctlons of
Equation (12) are shown in Figure 7..
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Table1  Spreading Data [and non-dimensionalized data in italics from Appendix B]
Spill Radius Time (seconds)
f (m) (ND) Spill 1* Spill 2* Spill 3* Spill 4%
1 0305 4.1 0.7 8.0 0.7 8.0 09 10.3 0.7 8.0
2 0.61 8.1 2.3 26.3 4.2 3500 42 500 4.3 49.1
25 0.762 101 - - - 5.8 66.2 - -
3 0914 121 6.5 74.2 8.6 98.2 - - 11.3 i29.0
4 1.219 162 10.6 1210 14 159.9 - - 214 244.4
4.5 1372 18.2 - - - - - 299 3414
5 1.524 20.2 15.6 178.1 19,5 222.7 - - - -
6 1.829 243 - - 281 380.9 - - - -
*Spilled on snow-covered ice (Surface 1).
bSpilted on bare ice (Surface 2).
2

The author observes that the linear correlation of
slick radius and time supports the hypothesis of a
single spreading phase. (A second phase would
presumably cause a discontinuity or curvature in
the relationship.) However, the rate of spreading
predicted by the author’s model does not agree
well with the experimental results. The author’s
best-fit line (solid line through the data on Figure
7 is:

[y

)
1

Theory
0.756 (gQ)"* T

g f)ata

Regression

r=13(Qg" 1",

[log of] Non-Dimensional Length

{The linear regression line, shown as a dashed
line through the data on Figure 7, gives the (very 0 1 5 3 4
similar) result:

1
.

[log of] Non-Dimensional Time
7= I-ZQ 0.318,0.01 TD.45 .
Figure 7 Spreading Rate - Winter Ice
The regression coefficient for the dashed line is: (0=0.172 ft¥/sec, g = 32.2 fi/sec?)

* = 0.943.] Recall that Equation (12) gives

exponents of 1/4 for Qg and 3/4 for ¢. The author claims that the mismatch between experimental
results and Equation (12) is largely attributable to experimental error. However, a re-examination
of Figure 7 indicates a significant discrepancy between theory and experiment which is clearly
not simply statistical.

Qil-Ice Interaction

When the warm oil [60°F (16°C)] was poured on snow, no migration of the oil into the ice was
observed. The snow onto which the oil was poured was described as approximately 60% porous.
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The author therefore assumed that some of the oil would migrate into the snow. However, little
or no penetration of the oil into the snow was observed.

The snow/ice surface was between 5 and -15°F (-15 and -26°C) during all the tests. This was
generally warmer than ambient temperatures and the author speculates that the snowllce was
warmed by the 29°F (-1.7°C) salt water underneath and by solar absorption.

Thus, when the oil was poured on the snow, an average temperature difference of 70°F (40°C)
was created between the slick and the underlying surface. The author conjectures that the warmer
oil layer immediately melted the top layer of snow or ice. This melt water was then absorbed into
the colder snow to a distance of approximately 2 mm and refroze, blocking the channels in the
surface, and forming an impermeable ice layer beneath the oil.

Effect of Blowing Snow

Snow blowing across the surface of the oil slicks tended to stick to the oil and sink. The oil and
snow mixtures were “largely crystalline”, up to 80% snow (by volume), and formed a dry,
mechanically stable “mulch” at temperatures below the pour point of the oil [15°F (-9.5°C)].At
warmer temperatures, however, the oil would flow or drip out of the oil-snow mixture.

Effects of Heavy Falling Snow

While the lightly blowing snow formed a “mulch” with the oil, much heavier snowfalls formed a
compacted layer on top of the slick, which remained separated from the oil. The author theorizes
that the heavy snowfall rapidly built-up a layer of snow upon the surface of the oil which
compacted at the oil-snow interface. This compressed layer of snow formed a barrier to further
incorporation of snow into the oil. The snow-mixing effects for two sample pools are shown in
Figure 11.

100
80 Blowing Snow
o~
g
& 60—
S
o
B
9 40 —
; Heavy Falling Snow
x
20 —
0 T ] 1 I T 1 l E 1
0 2 4 6 8 10 12 14 16 18 20

Time (Days)
Figure 11 Water (Snow) Content of Qil-Snow Mixture
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The author notes that the two curves in Figure 11 represent data from two different pools aged
over different time periods and in different weather conditions. There was little initial mixing for
the “blowing snow” results because a minimum amount of wind and blowing snow were present
for the first four days of the spill. By day six, however, conditions had shifted to high winds and
blowing snow. On day eight, a heavy snowfall occurred, resulting in a “leveling-off” of snow and
oil mixing. The other oil slick (“Heavy Falling Snow” in Figure 11) was subjected to an
extremely heavy snowfall the day after the spill and took approximately four days to reach
equilibrium with the snow cover. The author speculates that the compressed, heavy snow layer
prevented further mixing with the lighter, blowing snow.

The author points out the serious implications of these results for spill detection. These
experiments indicated that a major spill, occurring during or before a winter storm, could become
completely hidden under a snow layer in a matter of hours.

Oil Aging
Density, viscosity, and distillation fractions were measured over a period of days to observe the

effects of weathering on the oil slicks. The effects of winter aging for the two oil pools, oil on ice
and oil on snow, are shown in Figures 14 to 18.

The author notes that a) winter aging does occur, but at a much lower rate than in summer and,
b) North Slope crudes will age to the density of sea ice (0.9010 g/mL) and further to that of sea
water (1.030 g/mL) over a long period of time.

As shown in Figure 14, there was a substantial increase in the density of the oil aged on ice after
the sixth day. A severe storm occurred on the seventh day with winds of more than

30 knots. The author concludes that high winds during the storm greatly increased the weathering
rate of the oil.

The oil slick on snow was unaffected because the oil was protected by an 8 to 10 in. (20 to
25 cm) layer of snow. The oil pool on bare ice was not covered before the storm.
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The increased rate of aging after the sixth day for the 0il on ice is also apparent in Figures 15 and
16. The 15-day distillation curve is further to the right for the oil which weathered on bare ice,
Figure 16, than for the oil which aged under snow, Figure 15, indicating a higher fraction of
boiling point components, and thus a greater degree of weathering. The author also concludes
that moderate wind velocities influence oil aging to a greater degree than moderate variations in
temperature. The oil under the snow cover was significantly warmer (by 20 to

30°F or 11 to 17°C) than the exposed oil slick on ice (see Figure 19), but aged more slowly. As
the author points out, the aging of this oil was also slowed by the trapping effect of the snow cap.
He concludes that the oil continues to age even when covered by a thick layer of snow, but is
significant only over long periods of time.
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BOSS Critique

As one of the first published studies of the spreading of oil on snow and ice, this paper (McMinn,
1972) is significant in several ways. Although the study was limited in scope, it presents
considerable useful data with regard to oil spreading. Also, it is clear (from Figure 7) that the
modified Fay-Hoult theory presented by the author does not appear to adequately describe the
experimental results. Furthermore, the author makes a compelling case for the existence of only a
single driving-retarding force regime for oil spreading on snow and ice. A scheme for predicting
spill extent on snow and ice is presented, but not examined or experimentally validated.

Also important, although less quantified, are the author’s findings for the mixture of snow with
oil for both blowing and falling snow. The oil aging results are less useful (because of few
statistics and uncontrolled environmental variables), although they provided the experimental
design used by other authors in later work.
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Dome Petroleum Ltd., Oil and Gas Under Sea Ice, Report CV-1,
Canadian Offshore Qil Spill Research Association (COOSRA),
Volumes 1 and 2, 286 p. and appendices, Calgary, Alberta, 1981.
Primary authors: L.A. Buist and D.F. Dickins

These results were also reported in:

D.F. Dickens, I.A. Buist, W.M. Pistruzak, “Dome Petroleum's Study of Oil and Gas Under Sea Ice”, in Proceedings
of the 1981 International Oil Spill Conference, American Petroleum Institute, Washington, D.C., pp 183-189, 1981.

1.A. Buist, W.M. Pistruzak, D.F. Dickins, “Dome Petroleum's Oil and Gas Undersea Ice Study”, in Proceedings of
the Fourth Arctic Marine Qilspill Program Technical Seminar, Environment Canada, Ottawa, Ontario, pp 647-686,
1981.

L.A. Buist, “Measured Behaviour of an Oil/Gas Plume Under Ice”, in Proceedings of a Workshop on In-Water-
Large-Drops Sub-Sea Containment of Oil, EE-18, University of Toronto, Institute for Environmental Studies,
Toronto, Ontario, pp 55-62, 1981. This reports the plume measurements only. Figure 9.25 of this review presents the
relevant data.

Summary

Three gas and oil blowouts under continuous ice cover were simulated in the field (McKinley
Bay, Alaska) and the fate of the oil followed through to break-up of the ice sheet. Care was taken
to ensure the discharges were “typical” and simulated a well-head blowout. Three trials were
conducted: December, April and May.

“There were three basic configurations of oil and gas under the ice [after the blowout]: oil
droplets; gas bubbles with a coating of oil; and large pools of oil underneath gas pockets. The oil
droplet and gas bubble configurations predominated for the discharge under new flat ice and the
oil pool configurations predominated for the discharge under older ice with under-ice
undulations.

“Qil discharged under newly-formed ‘flat’ ice in December was found to exist mainly as discrete
droplets, whereas oil [discharged in] April and May . .. tended to be concentrated in pools in
under-ice undulations created by refrozen cracks and the insulating effect of surface snow drifts.

“The oil, shortly after it was discharged, was observed to have formed a water-in-oil emulsion.
This emulsion was unstable.

“The oil was encapsulated by the growing ice sheet within 24 to 48 hours, even in May. The
incorporation was not adversely affected by the presence of gas.

“The gas rose to the under-ice surface, and during the discharge in December, formed into a large
bubble that domed and cracked the ice. This doming was not observed during the discharge
under thicker ice in the spring.

“In spring, ...the oil appeared on the ice surface by two competing mechanisms: ablation and
brine channel migration. Ablation was the main mechanism for the exposure of the oil
discharged under newly formed flat ice in December. Brine channel migration....was responsible
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for the appearance of most of the oil at the latter two [spring] discharge sites where significant oil
pooling had occurred.

“By the time the ice sheet had rotted through and broken up, approximately 81% of the oil had
appeared on the ice surface....The majority of the oil appeared in the period two weeks prior to
breakup.” Further, “the timing of the oil's appearance was related to the time of discharge. Oil

spilled early in the winter appeared first.

“Qil pools on the surface melt water ranged in size up to 135 m* with the average oil pool being 1
- 5 m? in diameter at the December site and 10 - 20 m? at the spring discharge sites. The average
slick thickness was estimated to be 1 cm... Oil on the ice surface lost most of its light ends
through evaporation... The presence of oil on ice and in melt pools did not appreciably accelerate
breakup of the ice sheet.”

Objectives

This stﬁdy simulated sub-sea blowouts in shallow water under first-year ice. Of particular interest
was the behaviour of oil and gas mixtures when discharged under ice, the oil’s behaviour in the
ice sheet, its weathering behaviour, and the formation of water-in-oil emulsions.

Also discussed are oil and gas dispersion in the blowout plume, the efficacy of various cleanup
techniques (particularly burning), and the capability of 1980 technology to clean up oil spilled
from a sub-sea blowout under ice. These topics are not included in this review.

Method

In December, 1979 and April and May, 1980, three separate oil spills of approximately 6 m* each
were discharged 8 km offshore into McKinley Bay in the Beaufort Sea. The oil used was Prudhoe
Bay Crude (Atlantic Richfield Company, Alaska). The oil was released with compressed air to
simulate a sub-sea blowout of natural gas in 20 m of water. In addition, just before the December
oil spill, a “dry” run of compressed air alone was conducted.

The flowrates were 400 m*/day of oil (2500 BOPD) at a gas-to-oil ratio of 200:1 m*/m’

(900 ft°/bbl). Logan et al., 1975 suggest that a typical flowrate for a Beaufort Sea well blowout is
398 m® of oil per day with a gas-to-oil ratio of 140:1. While the flowrates for the two spring runs
are close to this “typical” Beaufort Sea blowout rate, the December run was approximately

500 m*/day. The gas-to-oil ratio for the December and May blowouts was 50% higher than that
specified by Logan et al., 1975, but for the April discharge, it was much lower. In addition, air
was used to purge the equipment after the oil/air blowout, which introduced considerable
variability in the total amount of air released.

As well as the main air/oil releases, four small control volumes of pure oil and water-in-oil
emulsions were pumped under the ice. These are described in Table 9.1 under columns labeled
“Control”.

The oil-release mechanism is described in detail in Volume 2, Appendix B of the Dome Report.
This appears to have been the first use of this apparatus.
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Before, during, and after each discharge, air, ice, and water conditions were measured with
anemometers, current meters, thermistor chains, ice thickness profilers, salinometers, ice cores,
and fluorometers. For the air-only release, ice deflection was recorded with an array of ice
strainguages, a centrally located accelerometer, time-lapse photography, and a tiltmeter. For all
the simulated blowouts and the air discharge, levels were checked with a survey rod before,
during, and half an hour after the blowouts.

Extracted from Table 9.1 Dome Petroleum, 1981, Qil and Gas Discharges
Air Only  Simulated Control  Simulated  Control Control  Simulated

Blowout Blowout Blowout
12/17/79 12/18/79 12/19/79 4/10/80 4/11/80 4/12/80 5/2/80

Total Oil 0 5.85 0.14° 6.56 0.08 0.16° 6.8
Discharged (m?)
Total Air 950 1711 0 435 t] 0 1219
Discharged (m®)
Duration of Oil - 17 - 24 - - 255
Flow (min)
DPuration of Air - 36 - 32.5 - - 30
Flow (min)
Mean Qil Flow 0 0.34 - 0.270 - - 0.267
Rate (m*/min.)
Mean Air 48 48 - 7.1 - - 48
Flow Rate
(m*/min.)
Gas to Oil Ratio - 210 - 25 - - 180

' (292%) (60" (224%)
Oil T (°C) in - +39°C - +36°C - - +34°C
Tank
Qil/AIr T (°C) 0 +25°C - +25°C - - +20 °C
at exit

* Control Discharges were 60% water.
® With “air blowback taken into account”. Air was used to flush the oil lines for 3 to 4 minutes following the
simultaneous air and oil release. The “Total Air Discharged” entries do not include this extra purge gas.

For the December events (the air only and first oil/air discharges), broken ice conditions were
simulated by drilling a 20-m square grid of 12-cm auger holes on 2-m centres. Several 4 m” holes
were also cut within 10 m of the centre and the ice blocks removed.

Before and after each survey, divers with a TV system conducted under-ice surveys to map the
ice and record the distribution of oil and gas. Divers also provided qualitative descriptions of the
oil and gas under the ice. Samples of the under-ice oil were collected. Ice cores were taken in
January, February, June, and July.
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Ice ablation was measured by coring and depth gauges. Melt, drainage, and pool formation were
recorded photographically. A 100-L pool of oil was monitored for two weeks in June to provide
oil-weathering data.

Results

Oil Analysis

The Prudhoe Bay crude was analyzed for density,,’c, viscosity, pour point, flash and burn points,
and chemical composition. (Mackay, 1980 describes the test methods in detail.) Tests were also
carried out for lab-weathered samples (volume reductions of 10.4 and 16%).

Extracted from Tables 9.2 and 9.3

Density Viscosity (mPas)
Volume % (gml @ Pour Point IBP Flash Point  Fire Point
Weathered 20°C) 0°C 15°C 25°C O ("C) 0 °C)
For December and April discharges
0 0.884 50 26 17 =27 67 30 35
10.4 : 110 62 38 : ) ) )
16 0.910 204 105 61 -3 192 84 91
For May discharge ‘
0 0.885 75.5 48.5 29.5

*There appears to have been a typographical error in Table 9.2 of the Dome Report. The values given for the 10.4% oil’
are identical to those for the unweathered oil. The viscosity numbers were taken from Figure 9.28 (reproduced below),
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Figure 9.27 Distillation Curves for Figure 9.28 Viscosity of Prudhoe Bay

Prudhoe Bay Crude Oil Crude Oil as a Function of Temperature
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On the basis of the density and a comparison of GC traces (although the spectrum for the oil used
in May is not shown), the authors remark that they found no difference between the two batches
of Prudhoe Bay crude, other than for viscosity. They note that the differences in the viscosities
were possibly due to measurement error, implying an uncertainty of at least 75%.

They conclude that, as Prudhoe Bay crude oil weathers, the viscosity, density, pour point, and
flash and fire points all increase, while the aqueous solubility decreases.

Air/Ice Interaction

During the air-only discharge (12/17/79), over a 45-minute period, an air bubble formed 65 m
from the discharge site, which heaved the ice sheet 75 cm up at the centre of the bubble. The ice
thickness around the bubble is reported as 58.5 cm with a surrounding mean ice thickness of
62.4 cm. The bubble was circular, 40 m in diameter, and ended abruptly, from which the authors
concluded that there was a circumferential crack pattern around the bubble perimeter. A radial
pattern of 1- to 2-cm wide cracks appeared at the centre of the bubble. Venting air was observed
but no water spray was visible.

One hour after the discharge and 15 minutes after the bubble had formed, a 12-cm hole was
drilled through the ice at the centre of the bubble. A 3-m “geyser” of air and water lasted for 5 to
6 minutes, during which time the bubble collapsed. The following day, it was observed that the
ice surface had collapsed and was within 5 cm of its original level. The authors note that the ice
fractures were not visible.

One day after the air-only event and in the same location, similar results were observed during
the air/oil discharge with a maximum ice rise of 21 cm. The much-reduced bubble size was
presumably due to venting through the cracks and holes caused by the discharge the day before.

The April and May discharges under 164 to 185 cm of ice resulted in much smaller vertical
heaves, approximately 1 to 2 cm over the discharge point. No ice ‘bubble,” or fractures were
observed.

The authors compare the experimental results with the thin plate calculations of Topham, 1977,
and conclude that the fracture radius is so sensitive to bubble depth that any uncertainty in ice
properties makes prediction of failure difficult. Nevertheless, they state that ice less than 1 m
thick would be likely to form gas bubble fractures. They point out that later in the winter, when
ice is thicker, larger bubbles are required to fracture the ice sheet. Later in winter, however, the
under-ice surface is much less regular, precluding the formation of large bubbles. The authors
conclude that failure of ice sheets thicker than one meter is improbable, even if a much higher
gas flow rate occurred.

The authors assume that the under-ice gas pressure is equal to the hydrostatic head pressure of

1 psig. From this and simple assumptions about the bubble shape, they estimate that roughly 50%
of the gas from the air-only discharge and 10% from the oil/air simulation was trapped in the
large bubble. They argue that most of the remaining gas vented through the ice and escaped,
leaving less than 20% in small bubbles under the ice.
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Air/Qil Interaction Under Ice

In the December discharge, with a smooth under-ice surface, a fairly uniform distribution of oil-
coated air bubbles is reported. The oil coated the air bubbles in thin amber-coloured films less
than 1 mm thick. Small “flecks” of oil were observed which the authors concluded had a
distinctly weathered appearance. The largest concentration observed under the ice sheet after the
December discharge was an 8-cm bubble of air coated with a very thin film of oil at the air-water
interface. The ice undersurface was covered with many oil droplets a few millimetres in
diameter. The authors report that these small droplets had migrated into the ice surface.

At the April spill, which was discharged with much less air than the December or May spill, the
under-ice surface was noticeably cleaner than at the December spill, with oil concentrated in
globules 3 to 4 cm in diameter, much larger than the tiny oil bubbles observed in the other two
spills. The under-ice surface was also characterized by troughs up to 30 cm deep. One
particularly large trough contained a very large air bubble and approximately one quarter of the
total oil discharged.

The under-ice surface after the May discharge appeared much as it did after the December

experiment, with thousands of small air bubbles coated with oil films and weathered oil flecks.
The oil was rusty red in colour, which the authors remark probably indicates the presence of an
emulsion. Oil layers up to 1 cm thick were overlain by air bubbles in troughs in the ice surface.

Emulsions were observed under the ice after all three discharges, particularly after the May

discharge.

Incorporation of Oil and Air

In all cases, 24 hours after the discharges, small oil and air globules were being incorporated into
the ice sheet. In December, 20 hours after the release, most of the gas and oil pockets were
covered by a thin layer of new ice. The encapulated oil is described as having been very viscous,
In April, 48 hours after the discharge, the largest of the oil- and air-filled troughs had begun to
ice over and most of the smaller bubbles were encapsulated by the ice. Twenty-four hours after
the May release, some of the smaller oil bubbles had frozen into the ice sheet. Cores taken two
weeks later were found to have up to 10 cm of new ice below the oil pockets.

Note that, while the fate of the oil was tracked until breakup, the disposition of the gas was
unknown beyond this point.

Qil and Gas Distribution

The size and distribution of 0il drops was determined by a coring program at each release site. In
all cases, more than 80% of the oil was found within 30 m of the release site. For the April site,
which had a smaller air discharge, most of the oil was deposited within a 20 to 25 m radius.
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It was found that drop size was smaller farther from the discharge site. This was modeled by
assuming a Stokes behaviour of the oil droplets entrained in a laminar flow. The terminal rise
velocity of the particles could then be calculated as a function of drop size. Given the velocity of
the current under the ice and the distance from the blowout site up to the ice sheet, particle size
as a function of drift distance could be expressed as (reworked from Appendix G of the Dome

report):
18u¥V Z
p- | 7™
gx(p,p,)

where: D is the droplet size, p is the sea water viscosity (1.84 x 10° kg m™ s%), V, is the lateral
drift current under the ice sheet (0.040 m/s), Z is the vertical distance from discharge site to ice
sheet (5 m), g is the gravitational constant 9.8 m/s?, x is the lateral drift distance, and p,, and p,
are the seawater and oil densities respectively (1,025-and 930 kg/m®). Note that the Stokes regime
applies only to particles 100 um or smaller. Results from cores from the December release are
given with the model prediction in Figure 9.25.
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Figure 9.25  Oil Droplet Distribution '

The authors note that the model does not predict the wide range of particle sizes seen on the
under-ice surface. They attribute this to: i) turbulent, as opposed to laminar flow in the discharge
plume; ii) the use of a constant drift current rather than the observed variation with depth; and
iii) transient water-in-oil emulsification (presumably because this would change particle size). It
would also seem reasonable to include behaviour that does not follow the Stokes regime (for oil
drops larger than 200 to 300 pm), droplet breakup/recombination, and the effects of non-
spherical droplet shapes. In addition, a cursory look at the data used to generate Figure 9.25
indicates that the particle size distributions for all drift distances were strongly non-Gaussian and
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thus probably not well reflected by an arithmetic mean. The use of a median particle size would
give an experimental curve at least 50% lower than the model points. Although the apparent
agreement in Figure 9.25 may be largely fortuitous, this model seems to serve as a good first
approximation of the distribution of oil particle sizes.

Oil Exposure

The authors state that oil is released from the ice sheet by brine channel migration and ice
ablation. The extract of Figure 10.1 shows the competition between the two processes. The heavy
solid line on the lower graph in Figure 10.1 gives the total percentage of oil spilled as a function
of date. The lighter lines represent the oil exposure expected from ablation alone. This appears to
have been derived by ablative exposure of oil lenses at known depths in the ice sheet as
determined by coring. The oil that has arrived at the ice surface by migration is represented by
the difference between these two curves.

The top graph in Figure 10.1 shows ablation of the ice sheet for clean sites and an average of the
oiled sites, as well as the depth of large oil lenses in the ice.

The first sighting of oil on the ice surface at the April 10 discharge site occurred on June 8, about
20 m NW of the blowout point. The initial patches of oil grew rapidly, forming a large pool by
the next day. Migration from the May site was first observed on the surface on June 11 and tock
8 days to form a large pool. The authors state that the lesser quantity of air in the April discharge
led to larger concentrations of oil beneath the ice and thus enhanced brine channel migration. The
coring program revealed that oil migrated faster from larger conglomerations in the ice. The
effects of porosity of the ice cores are discussed anecdotally, but no statistical data are presented.
From their coring program, the authors conclude that oil migration depends on the presence of oil
pools or lenses within the ice, as opposed to smaller drops, and that there be channels between
the oil pools, the air above, and the sea below.

Cores taken at both the April and May sites showed that the oil migrated in concentrated pockets,
leaving behind large cavities in the ice sheet. The authors postulate that discrete pockets of oil
could surface by buoyancy alone if the ice sheet was thin enough and had begun to melt.
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Figure 10.5 Timing of Oil Exposure in Spring

The fine oil droplets and the “flecks” observed on the under-ice surface after the May blowout
did not appear on the surface until four days before ice breakup when the ice was very rotten.
However, no significant migration was observed in the December area. At the December site, oil
was completely exposed by ablation.

Timing of the appearance of 0il on the ice surface at each discharge site is shown in Figure 10.5.
It is apparent that the oil began to surface slowly and then most of it was exposed in a matter of
days. Secondly, the timing of the oil’s surfacing depended on the time of year it was spilled, or
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the thickness of the ice. The earlier it was spilled, the earlier it appeared.

The authors state that approximately 80% of the oil had surfaced at all three sites before breakup.
None of the oil rising from the ice sheet was in an obvious emulsified (water-in-oil) form.
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The size and volume of 0il pools at each of the three sites are shown in Figure 10.6. Most of the
pools were less than 20 m? in area, with the majority from 1 to 5 m? in area. The authors note,
however, that most of the oil, particularly at the spring discharge sites, was contained in the
larger pools. The pools were generally 1 cm thick and subject to wind herding.
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Figure 10.6 Oil Pool Size and Volume
Oil Weathering

During the discharges, heated oil (30 to 40°C) mixed with compressed air to cause a loss in oil
volume, as the lighter fractions evaporated into air bubbles. This ranged from a 3% loss by
volume at the April spill to a 10% loss at the December spill. The authors note that in a real
incident, the oil and gas discharge would be in equilibrium and such a volume loss would not
OCCUL.

While most of the oil was not significantly weathered in the water, the appearance of the smali
“flecks” observed in the December and May spills suggested heavy weathering. It is not clear that
this weathering was caused by exposure to the seawater or by mixing with compressed air in the
plume. The ice cores indicated that there was little weathering of the oil lenses in the ice sheet
over the winter months. As the oil began to surface, however, the authors suggest that migration
rates may differ for the oil factions, “migration weathering” the lenses. The authors remark that
chromatograms of the ice immediately above oil lenses indicated that some of the light ends may
have been lost as the oil began to surface. Some spring core samples also showed evidence of
biodegradation.

Two tests of 0il on the ice surface were performed during the winter months. Oil slicks resulting
from the venting of the December blowout showed almost a complete loss of components under
C,, and a volume loss of 40% after 33 days. Oil spilled on the surface in April had a volume loss
of 25%, with very few components lighter than C,, after 72 hours. Note that both the winter
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pools were covered with snow within 24 hours of exposure. The authors conclude that the oil
spilled on ice during winter weathered considerably, even when covered with snow.

Limited analyses were carried out on the oil that migrated to the surface beginning in June. The
authors observe that significant losses of the light ends occurred once the oil appeared on the ice
surface in spring. The authors estimate that in the exposed pools, the average volume loss was 20
to 25%. They note that these losses were lower than expected, and speculate that this was due to
the thickness of the slicks and the relatively high viscosities of the weathered oil (100 to

400 mPa-s). It is also interesting to note that the oil pools are reported as being thin (1 cm) and 5
to 10°C warmer than the surrounding air and water during the day.

Some emulsification was observed in the oil pools, forming a thin skin on the oil slicks. As the
day progressed, this emulsified skin would break as the temperature of the slick increased. The
small amounts of oil exposed in lightly contaminated areas, usually highly weathered, formed
stable water-in-oil emulsions.

Because of the varied composition of the surface pools, with oil from the ice sheet mixing with
the heavily weathered surface oil, the oil pools were not extensively analyzed. The physical
properties of a 100-L control pool were followed for a period of two weeks, however, and the
results of this analysis are shown in Figures 10.11 to 10.14, reproduced here.
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BOSS Critique

While the objectives of this study were realized, its applicability to other work is limited due to
the sampling methodology and experimental design used. Much of the evidence presented is
photographic and descriptive rather than quantitative, particularly concerning oil and gas
entrapment in the ice sheet, brine channel formation, and density and oil migration to the surface.
While this provides a good qualitative understanding of the oil/ice behaviour, the use of these
results to quantitatively predict the evolution of future spills is very limited. For example, the
encapsulation of oil into the ice sheet was described, but the rate of uptake was not well
determined. Similarly, brine channels in the ice sheet were photographed, but the ice porosity at
the McKinley Bay site was not measured even though the authors note that very little data for
brine channel spacing in sea ice existed at the time of the report. Without knowing ice porosity or
brine channel density, it is difficult to quantitatively predict oil migration.

In addition, the use of compressed air as a blowout gas caused problems in determining the
weathering characteristics of the oil. As mentioned in the Results section of this review, mixing
of the oil and air in the discharger and the plume resulted in a 3 to 10% volume loss before the
material reached the ice sheet. This increased the errors in the weathering data, but should not
greatly affect the conclusions drawn about oil weathering.

Finally, the work is limited due to variations of the rate of release of oil and gas, the gas-to-oil
ratio, and the air “blowback”. Few comparisons can be made between the discharges due to the
variety of the initial conditions. While this does serve to explore a wider range of blowout
behaviour, it reduces the study’s quantitative usefulness.

In summary, this work’s descriptive reports provide a qualitative understanding of shallow
blowouts under ice and are of primary interest. Also, the weathering data with regard to the oil in
the control pool provide considerable data about the fate of oil in an Arctic environment.



86

C-CORE (Centre for Cold Ocean Resources Engineering), An Oilspill in
Pack Ice, EE-15, Environment Canada, Ottawa, Ontario, 231 p., 1980

This work is also reported in:

Reimer, EM., “Aspects of Oil-Ice Interaction Subsequent to the Kurdistan Spill”, in Proceedings of a Workshop on
il Ice and Gas, Institute for Environmental Studies, University of Toronto, Toronto, Ontario, pp 75-86, 1979.
This is a very short summary. [Note: This has been previously reviewed for the BOSS project.]

Reimer, E.M., “Oil in Pack Ice: The Kurdistan Spill”, in Proceedings of the Third Arctic Marine Qilspill Program
Technical Seminar, Environment Canada, Ottawa, Ontario, pp 529-544, 1980.
This paper discusses only the pack-ice behaviour of the oil.

Reimer, E.M., “The Visual Identification of Bunker-C Qil in Dynamic Pack Ice”, in Scientific Studies during the
“Kurdistan” Tanker Incident: Proceedings of a Workshop, BI-R-80-3, Bedford Institute of Oceanography,
Dartmouth, Nova Scotia, pp 74-85, 1980.

This paper deals only with aspects of remote sensing and identifying oil in ice.

Summary

“About 1100 tonnes of [Bunker C] oil... was entrained in pack ice off the Cape Breton coast. The
oil, which was below its pour point at the prevailing seasonal temperatures, was distributed in
streaks and patches as a fine particulate dispersion in the ice. Oil concentrations were as high as
200 ppm in heavily contaminated areas.

Only a small fraction of the oil-contaminated ice was deposited along shorelines. Most of the
shoreline contamination in the area studied occurred after the ice pack had dispersed or melted.”

Objectives

This report documents oil migration and weathering in pack ice during the KURDISTAN spill in
the St. Lawrence Basin in the spring of 1979. Interactions of the oil with sea floor sediment and
the shore are also analyzed. Remote sensing and spill cleanup are also discussed in the report, but
are not included in this review.

Method

This was a “spill of opportunity” and a completely uncontrolled event. Initial observations began
eight days after the breakup of the KURDISTAN and took two days to complete. Aerial over-
flights were made 12 and 17 days after the spill, in conjunction with additional ground-based
monitoring teams. Ground monitoring continued until 23 days after the breakup. Several one-
day return visits were made over the following two months to observe ice that had come ashore.
Approximately two months after the spill, samples of bottom sediment were taken “to ascertain
the sinking rate for oil from the ice cover which had persisted in the area for several weeks”. Ice
movement was tracked using Orion buoys which were found to be very effective for determining
ice drift.
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Qil Characterization

The physical properties of Bunker C for both the original crude (as reported by Gulf Qil) and
weathered samples are given in Tables 3.1 and 3.2, combined below. Figure 3-2 shows the UV-
visible absorption spectrum of fresh Bunker C oil. The hydrocarbon component distribution of
unweathered Bunker C oil is shown in Figure 3-3.

Extracted from Table 3.1, Reported Properties of Bunker C and
Table 3.2, Measured Properties of Bunker C Samples

Sample Sample Location  Viscosity Pour Point Density Water
(cP) 40°C (°C) (g/mL)-2°C  Content
Bunker 6C-3  Measured on ice 3500 22 t0 28 0.987 5 to 20%
(Gulf Oil)
o March 25 Taken from the side 2800 28 4%*
of ice floe 10 km off-
shore Fourchu Head
April 25 Gabarus Beach, taken 4700 22 0.987 18%

fromablobona
grounded ice floe

April 25 Fourchu Head, taken 3400 27 13%
from 10-day-old
deposit overlying
rocks at high tide line
*May have been as high as 20%; sample originally contained ice crystals which had thawed and separated from the oil by
the time of analysis.

P
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Figure 3-2  The Absorption Spectrum of Bunker C Diluted in Hexane
Results

The authors note that the samples contained
many contaminants including water, mineral
sediment and organic debris. The contaminants
were not removed during analysis.

The analysis showed that:
. the density of the oil was only 0.04 g/mL
less than that of the sea water;

. no emulsions were observed either on the
ice or the shore; and
. ice from most samples had normal

(C]4 - C15 t0 Cz4 - Czs l'atiOS, as
determined by GC). Only one sample,
exposed for 70 days and described as

“emulsified balls”, was determined to be Figure 3-3 Gas Chromatogram of Bunker C
abnormal, and identified as not being Bunker C.

Retention Time (min)

Distribution of Oil in Pack Ice

The authors observed that the oil slick was initially present as concentrated bands or streaks on
the ice, but dispersed or diluted in the pack over time. The authors were unable to describe what
drove the dispersive processeses. They note however, that maximum mixing occurred when the
pack was loose and drift between floes was possible.
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Oil was observed on, in and under the ice floes. Occasionally, floes totally covered with a film of
oil were seen. Upon close examination, the film was found to be only a few millimetres thick and
the underlying ice surface to be relatively smooth. The authors suggest that the complete oiling of
a floe must happen during the original breakup. Cold oil is too viscous to spread evenly and
solar-heated oil would tend to melt into the surface of the floe rather than forming a film.

The oi} on most floe surfaces is described as being concentrated in “small blobs and spatters”,
with most oil found within a few metres of the edge of the floe. Qil was also found to have
melted into pockets. The main mechanism for floe contamination was assumed to be wave
action.

Circumferential dykes and/or oil-contaminated brash were frequently observed on floes in
heavily contaminated areas. Some of these appeared to have a very high oil content - possibly
due to the concentration of surface oil by melting of the brash.”

Large blobs of cil were seen on the floes, particularly later in the season. The authors speculated
that these may have been present from the initial oiling of the ice, but were subsequently covered
by snow and ice.

Brash Ice - The authors found an “innumerable” number of small oil particles distributed in the
ice brash, ranging from 1 mm to 10 microns in size. Oil was also found as a coating on “football-
sized” ice chunks. They note however that the bulk of the oil was normally contained in a few
large blobs. The brash ice had a mean oil concentration of 200 ppm, however, a very large range
of concentrations (0 to 700 ppm) was observed. The authors were not able to determine the
distribution of particle size as a function of depth because of mixing problems during transport.

Water Column - Water column samples were taken 22 days after breakup at which time the oil
had become very finely dispersed. While most of the oil was located near the surface, particles
were found distributed throughout the water column. In general, the water column contamination
was between 1 ppm and 0.1 ppm, considerably higher than the normal levels in the area of the
spill (1 - 2 ppb measured by Levy, 1971; 1972).

Large-Scale Mixing - While differential movement between brash and floes was observed, the
authors remark that motion of the ice field did not appear to disperse the contaminated areas to
any great extent. Pack ice, even when heavily contaminated, held the oil offshore.

Small-Scale Mixing - The authors found that, in general, as the semi-solid oil was entrined in
pack ice the oil was dispersed into progressively smaller particles.

One of the primary dispersion processes was found to be the grinding of oil in brash ice as a
result of floe impact and differential movement.... The grinding process was leisurely and
resulted in particles from a few centimetres in diameter down to micron sizes.” Breaking waves
in the ice field, especially during heavy weather, had a similar “grinding” effect. “A concomitant
of the grinding process appeared to be a considerable incorporation of organic or mineral
material into the oil....”

Melting also served to reduce particle size. It was observed that solar heating of the oil on ice
surfaces caused stretching of oil puddles “until surface tension effects intervened to produce
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micron sized oil particles”. Fast melting was found to have an opposite effect, however, causing
pockets of concentrated oil blobs in the ice.

The authors observed the presence of large blobs of oil on the floe surfaces, sometimes covered
by a layer of snow or ice, particularly late in the season. They speculated that these large
concentrations of oil may have formed by splash up onto the flow which was later covered by
blowing snow or ice rafting.

Hydrocarbon Fractionation in Sea Ice - Gas chromatographs of samples of a brash ice/water
mixture and water alone revealed “an order of magnitude enrichment of low molecular weight
hydrocarbons...” for brash ice samples. These results are shown in Figure 4-17. “A similar
enrichment of even numbered hydrocarbons was seen in analyses of ice cores from floes and
from ice rubble drifts.” The authors offer no explanation for this phenomenon.

Qil Sediment Interaction Offshore

“A survey of bottom sediments was undertaken in Gabarus Bay in late May (1979) in order to
assess the rate of oil sedimentation from the oil-contaminated ice which had occupied the bay
from approximately March 23 to April 21...” The sediments were analyzed for total hydrocarbons
and fingerprinted by GC. The authors conclude: “Sedimentation... occurred in Gabarus Bay only
in shallow low-energy areas of less than 12 metres. Oil contamination was, therefore, a direct
near-shore sedimentation process. Shallow areas of high turbulence presumably received little
contamination.”

Shoreline Deposition Phenomena

“The pack ice tended to hold oil offshore. It was not until the disappearance of most of the pack
ice that significant quantities of oil came ashore... Even in the case where the ice itself was
heavily contaminated.., the shorelines were not fouled until meltout. Fouling from ice-entrained
oil tended to take the form of a highly dispersed deposit of small blobs and blotches.”



The authors mention that oil/water
emulsions were not a significant feature at
any time during the spill. Self-cleaning of
the shores did not occur except on vertical
rock surfaces in the intertidal zone.

Oil Spill Motion Modelling

The authors attempted to model the drift
of oil from the KURDISTAN to the Cape
Breton coast. Inputs to the model were
real wind data measured at Port aux
Basques, Eddy Point, and Sable Island.
Historical data, which were scant at the
time of the study, were used to generate
two water current vector fields, designated
“standard” and “gyre”.

“The standard grid illustrates predominant
southwestward flow along the southeast
Cape Breton coast while the gyre pattern
includes a stream which swings into an
anticyclonic gyre when rounding Scatarie
Island, and returns in a northeastward
flow along the southeast coast.”

04l sighting data was used to verify the
simulations. “Model scenarios which
predicted oil impact at times and in
locations consistent with [the real-world
data] were considered successful.” Two
such trajectories are shown in the
combined Figures 5-1, 5-2, and 5-3.

“...The basic conclusions of the real-data
modelling work are: a) Standard currents
have been more generally successful than
gyre currents in generating realistic model
predictions; and b) Wind source is not the
prime determining factor in model success
as reasonable trajectories were

projected for each of the three wind
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Figure 4-17 These four gas chromatograms show the respective
depletion and enrichment of light hydrocarbons in samples of
water only (bottom) and samples of water and brash (top)

sources employed.” The authors conclude that water current was the most important factor in
their drift models and the unknown current residuals were the main source of error in the models.
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BOSS Critique

While this report was based on a limited observation schedule of the evolution of an oil spill in
heavy pack ice, it does illustrate many key features of a spill at temperatures below the pour point
of the oil. The study focuses on the behaviour in and on ice with less emphasis on the grounding
of the ice on the shore and mixing with the ocean floor.

It is worth noting, however, that there were several details the authors were unable to completely
examine. The fate of oil in the ice of the floes is largely undetermined by this work. For example,
phenomena such as the appearance of large blobs on the ice later in the season were not
completely explained by the authors. Also, the authors were unable to examine the behaviour and
disposition of the oil in brash ice as the samples were agitated by helicopter transport before
analysis. In addition, the drift models were preliminary as this was one of the first times these
models were used. Further work in this area has yielded more reliable results.
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D.G. Wilson and D. Mackay, The Behaviour of Oil in Freezing
Situations, EE-92, Environment Canada, Ottawa, Ontario, 65 p.,
1987.

This work has also been reported in:

D.G. Wilson and D. Mackay, “The Behaviour of Qil in Freezing Situations”, in Proceedings of the Ninth Arctic
Marine Oilspill Program Technical Seminar, Environment Canada, Ottawa, Ontario, pp 51-63, 1986. Only the oil
incorporation studies (laboratory and field) were covered in this report.

Summary

“An experimental study of the behaviour of an oil spill in a developing (grease) ice field is
described. It was found that significant quantities of oil may be entrained within and beneath a
grease ice field.”

Factors that were found to increase the amount of oil entrained include a high oil density or
viscosity which can be natural or induced by weathering, sufficient turbulence to disperse the
surface oil at an appreciable rate and induce mixing within the forming ice field; the formation of
small oil droplets and emulsions of sea water and/or ice in the oil; and the formation or
coalescence of ice particles of approximately 5 mm in diameter.

Other results of the study include the observation that, in calm water, an oil layer will retard ice
development, but under turbulent conditions, oil will have a negligible effect on ice formation. In
addition, it was observed that solar radiation has little effect on the development of ice in the
presence of oil, except in calm conditions when formation of ice may be significantly retarded.
Solar radiation will hasten melt, however, as oil collects on the surface. And finally, it was
observed that it takes longer for the least buoyant oils to be released from a melting ice pancake.

Objective

This study investigated the effects of oil on developing ice fields. Of particular interest were the
effect of oil on ice formation, the amount of oil incorporated into the growing ice sheet under
turbulent conditions, and the effect of oil in the ice on the kinetics of ice thawing.

Theory

No formal theory was discussed by the authors, although they present an extensive review of the
experimental literature for oil spills in ice.

Methods
Apparatus

The principal experimental apparatus is illustrated in Figure 3.1. It consisted of a clear Lucite
tank (a 35-cm cube) in which oil, ice, and water were mixed and agitated by an oscillating hoop,
driven by a 12-volt DC motor. The 33-cm diameter hoop could be oscillated at 120 cpm in a
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vertical direction. The mixtures were arranged so that the hoop was just beneath the water
surface and created a “low energy ripple/wave” in the tank when it moved.

The experiments were conducted in a cold room to control the temperature in the apparatus. Still
photographs were taken during each run. Oil samples taken during these runs were analyzed with
a Hewlett-Packard 5700A gas chromatograph with a Shimadzu C-R1A integrator and a

30-m by 0.75-mm glass capillary column.

. .

Hoop Q_) - - DC Motor

Mechanism ‘

- +

;i y 12 Volts

Oil
\.________——'——_f

Water/Ice

Figure 3.1  Oscillating Hoop and Tank Apparatus

0Oil Weathering

Two sample mixtures of 70% No. 2 and 30% No. 6 fuel oils were weathered for several days at
~5°C. One sample mixture was contained in a grease ice field and the other, a control, was
weathered in the absence of ice. Samples were taken periodically and analyzed by gas
chromatography and pycnometer.

Oil Incorporation in Grease Ice Fields

The authors wished to examine a series of oils of varying density, but with constant viscosity.
They used a mixture of a light hydrocarbon oil, Bayol 35 (s.g. = 0.790) and a dense organo-
chlorine solvent, tetrachloroethylene (s.g. = 1.615). Mixtures of various densities and layer
thicknesses were introduced to fields of grease ice consisting of varying ice particle diameters
and field depths. The ice fields were not compressed and were allowed to reach equilibrium
thickness and ice-to-water ratio.

These experiments were carried out in 2.5- to 3.5-L glass beakers. The oil was dyed with Sudan
Red so that the clear, colourless mixture could be seen in ice. The ice was allowed to freeze, and
the volumes of oil incorporated into the ice were then measured. Ice-to-water ratios were
measured by water displacement when the ice was put into the water.
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These tests were conducted with fresh water, which the authors note, greatly simplified the
experimental procedure. They contend that this is reasonable as layers of fresh water are often
found in salt water in Arctic conditions especially in areas close to rivers, icebergs, or floes.
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Effect of Oil on the Thawing Process

These experiments were conducted on the frozen oil-in-ice samples described in the pre